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Abstract  

 

Heat pump water heaters (HPWHs) have limited market share in Canada and the United 

States largely due to their space cooling effect which increases heating costs throughout 

winters in these countries. Coupling a HPWH with solar collectors lessens the space 

cooling effect during cold-climate heating seasons while also improving HPWH 

performance year-round in cold and moderate climates. This study experimentally and 

numerically examined air-based solar collectors and their impact on HPWHs with the 

objective of determining the feasibility of solar assisted HPWHs in residential detached 

dwellings in Canada and the United States. An air-based solar collector was added to an 

experimentally validated HPWH model, and different configurations of solar-assisted 

HPWH (SAHPWH) were analyzed to determine their energy performance, greenhouse gas 

emissions (GHGs), and various economic parameters.  The results indicate that the space 

cooling effect of HPWHs can be mitigated by coupling the HPWH with a solar collector 

in all configurations studied. The three configurations of SAHPWHs were analyzed to 

minimize water heating electricity consumption for each Canadian and American city, and 

a correlation was found between climate zone and the configuration with minimum 

electricity consumption. The maximum electricity reductions from an electric water to a 

SAHPWH were realized near the Canada and US border, and with a 5% transition to 

SAHPWHs, Canadian residential energy for water heating can be decreased by 3.1%. The 

HPWHs and SAHPWHs were compared against electric water heaters (EWHs) and natural 

gas water heaters (NGWHs). The greatest GHG reductions were found to occur in locations 
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with clean electricity grids for a NGWH to HPWH or SAHPWH transition, and in locations 

with fossil fuel dominant grids for an EWH to HPWH or SAHPWH transition. In the 

economic analysis, the payback period (PBP) was found to be correlated to climate zone; 

in colder climate locations there were greater benefits from reducing the space cooling 

caused by HPWHs, so the SAHPWH had the lowest PBP and in warmer locations which 

benefitted from space cooling throughout more of the year, the HPWH had the lowest PBP. 

When comparing a HPWH or SAHPWH to a NGWH, the low cost of natural gas caused 

the HPWH and SAHPWH to have long PBPs that were greater than the predicted lifetime 

in many locations. Subsidies which could be implemented by governments to increase the 

economic viability of HPWH and SAHPWHs were also considered and were found to 

significantly decrease when a price was put on the GHGs emitted by a NGWH.  
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Chapter 1:  Introduction 

The motivation, relevant background information, and objectives for this research are 

described in this chapter. This includes a description of the existing landscape of water 

heating within Canada, the importance of decarbonizing the residential water heating 

sector, and potential technological and policy options available to achieve this. 

1.1 Motivation 

In Canada, 8786 PJ of secondary energy was consumed in 2016. As Figure 1.1 illustrates, 

17% of this energy was attributed to the residential sector [1]. Energy consumed by the 

residential sector is largely used for space heating and domestic hot water (DHW), both of 

which are dominated by natural gas-burning technologies. As such, a significant reduction 

in national fossil fuel consumption can be achieved via cleaner technologies for space and 

water heating in the residential sector.  

 

Figure 1.1: Breakdown of energy end uses in Canada  

The energy consumed by the residential sector contributes approximately 61.1 Mt of CO2e 

to the atmosphere annually [1]. By lowering the energy consumption of water heating 
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technologies and shifting the fuel used for water heating away from natural gas to 

electricity-driven heat pump water heaters (HPWHs), this number could be significantly 

reduced. This reduction in greenhouse gases will allow Canada to work towards climate 

change mitigation in alignment with Paris Agreement goals [2]. 

1.2 Background 

Water heating accounts for almost 19% of secondary residential energy use in Canada, as 

shown in Figure 1.2. Although water heating consumes 19% of the residential energy, it 

produces 21% of the residential greenhouse gas emissions (GHGs). The high percentage 

of GHGs from water heaters is indicative of the dependence on natural gas for water 

heating, as Figure 1.2 also illustrates.  

 

Figure 1.2: Breakdown of energy consumed for water heating in Canada 

A transition away from natural gas water heaters (NGWHs) and electric resistance water 

heaters (EWHs) would significantly reduce the GHGs and energy consumed for water 

heating and, by extension, in the residential sector as a whole. The other existing options 
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for water heating include heat pump water heaters (HPWHs), solar water heaters (SWHs), 

and solar-assisted heat pump water heaters (SAHPWHs). 

Water heaters can be compared based on their daily performance using energy factors (EFs 

– energy delivered to the tap per unit of energy input). The EF metric was replaced in 2017 

by the uniform energy factor (UEF) which is a modified daily performance metric that 

categorizes water heaters based on the anticipated draw volume and attempts to make 

comparison between water heating methods easier. Currently, Energy Star certifies 

products based on either the EF or the UEF metrics [3]. 

NGWHs have energy factors between 0.6 and 0.8, EWHs have EFs approaching 1, and 

HPWHs achieve EFs between 2 and 3. Electric water heaters shown in the breakdown in 

Figure 1.2, include traditional EWHs, as well as electricity-driven HPWHs. Although 

HPWHs consume 30% to 50% less electricity than EWHs, they account for a limited 

fraction of the electric water heating market share, and an even smaller fraction of the 

overall water heating market share. If significant energy savings are to be realized, a 

transition must be made to HPWHs or SWHs [4]. 

1.2.1 Water heating technology options 

Several water heating technology options exist in current markets for DHW, most of which 

include a water storage tank in which the water is stored until a hot water demand event. 

The storage tanks have a temperature setpoint to which the water inside is heated using 

various fuel sources and technologies. Setting a cooler hot water tank setpoint would 

decrease energy consumption and reduce the risk of scalding. This comes with the 

drawback that lower temperatures facilitate the development of legionella, a waterborne 



4 

 

bacterium which can cause serious health risks particularly to those with already weakened 

immune systems. To prevent legionella growth, the Canadian government recommends 

that residential DHW systems have a hot water tank setpoint of 60⁰C, with a delivery 

temperature of 49⁰C to reduce the risk of burns [5]. 

Water heating is presently dominated by traditional water heating methods, which are 

energy-intensive NGWHs and EWHs. NGWHs heat water using an always-on pilot light 

which ignites a burner to combust the natural gas when needed. Heat generated through 

the combustion process is used to warm the water, and the combustion products are ducted 

out of the home. EWHs operate using electric elements within the water tank that convert 

electric energy to thermal for water heating. EWHs typically have two heating elements: 

an upper element used to quickly heat water when little hot water remains in the storage 

tank, and a lower element which heats water slowly over a longer period. 

HPWHs are an emerging technology which heat water using a vapour compression 

refrigeration cycle. In the refrigeration cycle, energy is removed from an air source by the 

evaporator and is rejected to the water storage tank by the condenser. The condenser coils 

are typically either wrapped around or submersed in the storage tank. A schematic of an 

air source HPWH is shown in Figure 1.3.  

 

Figure 1.3: Schematic of a heat pump water heater 
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HPHW performance is measured using a coefficient of performance (COP), which is the 

ratio of the heat delivered to the water storage tank to the input compressor power. It is 

similar to the EF in that both measure a performance ratio. However, the COP measures 

the instantaneous ratio of the energy input and output of the refrigeration cycle and is used 

only for refrigeration and heat pump cycles, whereas the EF measures the daily ratio of 

energy input and energy delivered to the tap, and can be used for all water heaters. 

Air source HPWHs remove energy from surrounding air and reject the energy to the water 

storage tank while exhausting air at a cooler temperature. HPWHs are often located in a 

house, thus causing space cooling in the conditioned environment as a by-product of their 

operation. Although this space cooling effect decreases cooling loads in warm and 

moderate climates, in Canada and other locations with long heating seasons, it has been 

shown to increase annual space heating costs [6].  

One method that has been suggested to mitigate the space cooling effect in cold climate 

locations is using outdoor air as the supply and return for the HPWH. However, for the 

refrigeration cycle to efficiently heat water, the inlet air temperature must be above 

approximately 5°C [7]. Outdoor air temperatures are below 5°C for significant portions of 

the year across much of Canada and the United States, so it is infeasible to use outdoor air 

as a source for the HPWH in these locations. In the southern United States or other warm 

climates, HPWHs could use outdoor air for most or all of the year, but this is not commonly 

done because the warm southern locations benefit from the secondary space cooling effect 

of the refrigeration cycle which decreases annual space cooling costs for the home. As 
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such, in most locations, a conditioned space is typically used to supply air to and exhaust 

air from the HPWH.   

Despite the benefits of HPWHs in lowering energy consumption for water heating, the 

combination of the space cooling effect and their relatively high capital costs have 

prevented them from obtaining a significant share of the water heating market. A potential 

solution to address the space cooling effect of HPWHs is to couple a HPWH with a solar 

collector to reduce the space cooling throughout the heating season and allow the electricity 

reductions of HPWHs to be realized.  

Solar collectors are commonly coupled with HPWHs in either direct- or indirect-expansion 

configurations which are shown in Figure 1.4. In the direct expansion configuration, the 

solar collector is the evaporator in the refrigeration cycle, so the HPWH refrigerant is the 

working fluid in the collector. In the indirect configuration, the collector and refrigeration 

cycle are connected via a heat exchanger, one side of which is the HPWH evaporator. 

Because a heat exchanger separates the solar collector system from the HPWH, the 

collector may have water, a glycol solution, or air as a working fluid rather than refrigerant. 

The indirect expansion configuration is easier and less expensive to couple with a 

commercially available HPWH because no modifications to the refrigeration cycle are 

required. Although solar collectors decrease the space cooling effect caused by HPWHs 

and improve HPWH performance, solar collectors have the drawback of exacerbating 

capital cost of HPWHs even further. 
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Figure 1.4: Solar assisted HPWHs in direct (left) and indirect (right) expansion configurations 

When using an air-based indirect expansion configuration of SAHPWH, there are several 

possible configurations that could be used, as shown in Figure 1.5. The configurations 

differ in the location from which inlet solar collector air is drawn: the first draws air from 

and exhausts to a conditioned space, the second recirculates air in a closed loop between 

the solar collector and HPWH, and the third draws air from and exhausts to outdoors. The 

closed loop and outdoor air configurations eliminate the space cooling issue associated 

with HPWHs because they have no impact on air in the conditioned space. The conditioned 

configuration, like the HPWH, impacts space heating and cooling loads. However, 

advantages of the conditioned configuration are that it could reduce the space cooling effect 

of a standalone HPWH and provide space heating to offset a portion of the heating load. 
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Figure 1.5: Possible configurations for air based indirect expansion SAHPWHs 

All water heating options – NGWHs, EWHs, HPWHs, and SAHPWHs – come with 

inherent benefits and drawbacks. A summary of the benefits and drawbacks of each is 

summarized in Table 1.1. Although HPWHs and SAHPWHs have a higher capital cost 
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1.2.2 Regulatory framework 

Many national and international locations have set goals for reduction of GHGs but few 

have implemented policies to address efficient water heating technologies as a method to 

achieve them. Potential options to increase the uptake of HPWHs and reduce GHGs and 

energy consumption for water heating include regulation mandating the use of HPWHs, 

incentives, or public education, among others. There has been past analysis on effective 

methods to increase uptake of an efficient technology, such as a HPWH, and research 

indicates that mandating efficient water heating standards is the most effective method to 

increase uptake of the technology as opposed to introducing incentives [8]. Part of the 

reason standards have been more effective than incentives is that when past incentives for 

HPWHs have been introduced, they have typically been programs with unpredictable and 

short durations due to government changes. As such, consumers have been hesitant to rely 

on financial incentives, and research has shown that higher uptake of a technology is 

achieved when incentive programs are implemented in the longer term [8]. Although there 

are past and present incentives for HPWH systems in some locations, there has yet to be 

any implemented for SAHPWHs despite the possible benefits as compared to HPWHs. 

China and the United States are examples of two countries that introduced policy to 

encourage uptake of HPWHs. In China, a subsidy for 10% of the HPWH capital cost was 

introduced in 2012, and between the years of 2013 and 2015, residential HPWH sales 

increased by 46%, with a compound annual growth rate of over 25% [9]. Despite this 

growth, the total market share remained at 3% in 2014. In the United States, a policy was 

introduced in 2015 requiring that new water heaters have energy factors of at least 1.97 for 

electricity-driven water heaters with volumes of 208 L (55 gallons) and above [10]. 
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Because EWHs cannot achieve energy factors above one, this mandates the use of HPWHs 

[1]. With almost one third of new residential homes installing HPWHs since introduction 

of the regulation, the market share in the US has reached almost 9%.  

Canada plans to follow suit with the US and mandate that all electricity-driven water 

heaters for sale by 2030 will have an energy factor above one [11]. Some provinces within 

Canada, such as British Columbia, New Brunswick, Nova Scotia, and Prince Edward 

Island, have implemented incentive programs to encourage residential HPWH usage. 

Similarly, Ontario had a brief pilot program, which offered rebates to both contractors and 

homeowners but was it unsuccessful in significantly increase HPWH market shares due to 

its short duration and the reluctance to rely on rebates with uncertain durations [12].  

1.3 Thesis Objective 

The objective of this research was to assess the feasibility of an indirect expansion HPWH 

coupled with an air-based solar thermal collector system for single detached dwellings in 

Canada and the United States via experiments and simulation. With an air-based solar 

thermal collector to preheat inlet air for the HPWH, it may be possible to realize electricity 

and life cycle cost reduction of HPWH and SAHPWH systems as compared to EWHs, 

without increasing space heating loads throughout Canadian and American winters. 

Additionally, coupling a solar collector with a HPWH may increase year-round operating 

performance compared to a HPWH alone in all climates within these countries. The goal 

was to assess performance of HPWHs and SAHPWHs in various configurations to make 

comparisons in terms of energy consumption and reduction, economic factors such as 
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payback period (PBP) and lifecycle cost (LCC), and GHG reduction across Canada and the 

United States.  

The scope of this thesis includes analyzing three configurations of SAHPWH and a HPWH 

to determine a preferred configuration in various cities across Canada and the United 

States. Preferred configurations were recommended based upon water heating energy 

reduction, space heating and cooling reductions, GHG reduction based on natural gas 

emissions and local electricity grids, and PBP and LCC based on local energy prices. The 

SAHPWH and HPWHs were compared against EWHs and NGWHs for all the above 

parameters. All water heater options compared within this thesis were storage tank water 

heating options, while tankless water heaters were outside the scope of this research.  

1.4 Thesis Layout and Methodology 

This thesis includes seven chapters to describe the completed research. The breakdown of 

chapters is as follows: 

• Chapter 1 Introduction: provides the background information and grounds for this 

research, in addition to the research objectives, 

• Chapter 2 Literature Review: explains the existing research in the field of 

SAHPWHs, including the most relevant publications and research gaps, 

• Chapter 3 Experimental Methodology: describes the experimental apparatus used 

for this research, including the limitations and assumptions employed, 

• Chapter 4 System Modelling Approach: describes the modelling methodology and 

analysis used to calculate the results throughout the simulation study, 
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• Chapter 5 Results: presents the data obtained within this study, including 

comparisons of SAHPWH and HPWH configurations, and differences in 

performance for various locations, 

• Chapter 6 Discussion: analyzes the results and discusses the associated implications 

of the results, and 

• Chapter 7 Conclusions and Future Work: summarizes the main conclusions of this 

research and identifies potential areas of future research in the field. 

The process followed throughout this research is shown in Figure 1.6. 
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Figure 1.6: Research methodology and process 
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Chapter 2:  Literature Review 

HPWHs have been studied in various locations worldwide to determine their feasibility 

and benefits or costs due to their inherent space cooling. The HPWH research has included 

coupling the HPWH with solar collectors having various working fluids, varying different 

operating parameters to improve HPWH energy performance, and analyzing the effects of 

different ambient conditions on the systems. An overview of the research on HPWHs, 

SAHPWHs, past economic analysis on these systems, modelling and simulation used for 

HPWHs, and research gaps are presented in this section. 

2.1 Heat Pump Water Heaters 

Heat pumps have been used for decades for applications such as refrigeration, 

manufacturing, and industrial applications. In a review of heat pumps, Chua et al. [13] 

described maturation of the technology through more recent advancements such as 

improved compressor performance, multistage cycles, ejector systems, and new 

refrigerants, but indicated that one application of heat pumps that has yet to be utilized to 

its full potential despite various advancements in heat pump technology is water heating. 

Despite the benefit of lower electricity consumption, market penetration of HPWHs 

remains limited since becoming commercially available in the 1950s [14]. 

A study by Bursill et al. [15] analyzed the effects of preheater water tank and HPWH 

temperature set points on the overall energy consumption of the system, and found that 

total energy consumption could be minimized when the HPWH temperature set point was 

equal to the preheater tank set point. These results could represent HPWH performance 

trends when coupled with a water-based solar collector to preheat the inlet water if the 
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electric source in the study were replaced with a solar collector. The research by Bursill et 

al. also showed an increase in performance of HPWH systems as the HPWH water 

temperature set point decreases, which is representative of other research in the field [16]. 

However, a lower limit on the storage tank temperature of 49⁰C is required by the Canadian 

government to prevent growth of legionella bacteria. Lei et al. [16] conducted experiments 

on an instantaneous HPWH and found that instantaneous HPWHs could achieve a COP as 

high as 12.6. This is because instantaneous water heaters are tankless which mitigates the 

risk of legionella, allowing low temperature setpoints to be used thus eliminating the 

energy consumption that tank water heaters use to reach higher temperatures. COPs as high 

as the study by Lei et al. are not observed in conventional HPWHs with a storage tank; 

conventional HPWHs however are able to provide hot water for longer, larger draw 

periods, and have lower capital costs than their instantaneous counterparts. 

The significant energy reductions achievable with HPWHs can be increased further in 

warm climate locations when space cooling is considered, as shown in an experimental 

study by Ji et al. [17]. In this study, HPWHs were analyzed in a tropical climate where they 

provide significant space conditioning benefits year-round. However, HPWH performance 

varies in different climate zones around the globe, but have been shown to provide net 

energy benefits in many locations. Hudon et al. [18] simulated HPWHs in various 

American locations and determined that HPWHs were beneficial in most climates, 

providing cost savings over 38% and 10% as compared to EWHs and NGWHs when space 

heating and cooling effects were considered. This is a representative study of others in the 

industry: Maguire et al. [19] also determined that despite variations in HPWH performance 

in different climate regions in the US, HPWHs always resulted in net energy savings.  
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Khalaf [6] studied a HPWH across Canada and observed an increase in space heating costs 

with the HPWH during Canadian winters, which is common when using HPWHs in cooler 

climates. Sparn et al. [20] came to similar conclusions to Khalaf. After experimentally 

replicating HPWH operation in various climates in the United States, Sparn et al. 

recommended HPWHs not be used in conditioned spaces in cold regions with long heating 

seasons.  

Despite the apprehension about HPWH success in cold climates, studies have shown net 

electricity reduction in Canadian locations. Amirirad et al. [21] studied HPWHs in cold 

climate conditions, including changes to annual electricity consumption due to the HWPH 

and its space cooling and heating effects. It was found that annual electricity consumption 

decreased by 22% when using a HPWH in Toronto. This study was limited, however, like 

many others in the field, as it did not analyze PBP, or consider the relatively high HPWH 

capital costs as compared to the capital cost of NGWHs in its cost analysis for the two.  

Smith [22] compared a HPWH operating in a basement to a HPWH with a heat recovery 

ventilator (HRV) using outdoor air. The HRV ducted system was analyzed as a potential 

mitigation strategy for the HPWH space cooling effect. The conclusion of this study was 

that both systems reduced utility costs, but the additional ducting and additional cost of the 

HRV caused the HPWH operating with basement air to be a more economically viable 

option. Although the HPWH in the basement was more economically viable than an HRV 

ducted HPWH, Smith agreed with other research in the recommendation to not use HPWHs 

in some Canadian climates.   
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In addition to the space cooling effect which hinders their use in Canada, HPWHs also 

have the unique challenge of frost buildup on the evaporator coils when used in cold, humid 

ambient conditions, which decreases the system effectiveness. Song et al. [23] summarized 

several defrosting methods to mitigate this issue including reversing the cycle, jet 

defrosting, and preheating the inlet air. Although Song et al. indicated that reverse cycle 

defrosting is most widely evaluated, no single defrosting technique is highly recommended 

amongst leading researchers. In addition to the suggested defrosting solutions, coupling a 

HPWH with an air-based solar collector may sufficiently preheat inlet HPWH air and 

significantly reduce or prevent frosting on the evaporator coils in the system.  

Kwak and Bai [24] coupled an electric air preheater with a heat pump system and saw a 

COP increase of 57% for 1-2⁰C air as compared to the system at that temperature without 

a preheater. Although Kwak and Bai determined that an electric air preheater has the 

potential to be an economical solution to the frosting issue in cold climates, there exist 

other lower-electricity preheating methods such as using solar to preheat the air, which 

could further increase cost savings and system effectiveness, while allowing the electricity 

savings of HPWHs to be realized.  

The issues due to cold climate operation discussed in this section included decreased 

HPWH performance, space cooling which increases space heating costs, and frosting issues 

in high-humidity and low temperature environments. It may be possible to mitigate all of 

these issues and realize additional energy reductions for DHW and space heating by 

coupling the HPWH with a solar collector. 
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2.2 Solar-assisted heat pump water heaters 

The SAHPWH systems offer the potential of lower-cost water heating, and, in locations 

such as Canada with long heating seasons, harnessing solar energy reduces the 

supplementary space conditioning required to offset the cooling caused by the traditional 

HPWH. Significant research has been conducted to date on direct-expansion SAHPWH 

systems. A study by Kong et al. [25] on a direct-expansion SAHPWH system in China 

concluded that the site-specific conditions of insolation and ambient temperatures had a 

significant effect on the overall system COP and heating time. Deng and Yu [26] went 

further to show that ambient temperature had a large effect on SAHPWHs when solar 

insolation was low, but little effect when insolation was high. Vieira et al. [27], however, 

concluded that HPWHs in warmer climates were not highly influenced by site-specific 

conditions, thus achieving a high COP at a wide range of temperature and insolation values. 

The variance between the effect of insolation, temperature, and other site-specific 

parameters between the aforementioned studies can be explained using findings in a review 

by Poppi et al. [28], which indicated that existing studies are difficult to compare due to 

the wide variety of boundaries, geometries, locations, and assumptions. This means 

detailed analysis of the systems is required for each configuration and location in which 

they are implemented to improve and optimize performance.  

Despite the considerable research effort which has been spent on direct-expansion 

SAHPWH systems, Kamel et al. [29] explained that direct-expansion photovoltaic-coupled 

SAHPWHs are inefficient, because additional controls are required for the mass flow rate 

to prevent refrigerant from pooling at the evaporator outlet. In addition, direct-expansion 

SAHPWHs are complex to fabricate from commercially available HPWHs because they 
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require redesign of the refrigerant cycle, so indirect-expansion SAHPWHs are often 

preferred for aftermarket coupling of solar collectors with HPWHs.  

Several studies agree that SAHPWHs improved performance compared to HPWHs alone 

in all climates, and most notable improvements occurred in cold climate regions. Carbonell 

et al. [30] simulated solar thermal HPWHs and saw large electricity savings when using an 

air-source heat pump system, particularly in cold climates with high insolation values. This 

is because energy consumption for space and water heating is greater in cold climates, and 

systems with a higher energy demand are operational for a greater proportion of time, 

therefore realizing larger absolute electricity savings than those with low energy demand. 

Cai et al. [31] also determined that a dual source multi-functional solar HPWH system was 

particularly beneficial in cold climate conditions, with significant COP increases in an 

optimized cold climate system, as compared to other climates. Chu [32] studied a dual tank 

indirect expansion solar assisted heat pump for the combined use of water heating, space 

heating, and space cooling, and quantified the reduction in energy consumption in a 

Canadian climate, concluding that energy savings of about 30% could be realized.  

Li et al. [33] simulated and optimized the solar collector area and storage factor for 

domestic hot water and space heating in Beijing and was able to increase the COP by 1.4 

times compared to the non-optimized system. It is likely that this optimized system would 

not necessarily be the optimal configuration in other locations, however, due to the 

significant influence of climate and on-site conditions and due to the variations in DHW 

and space heating loads in other climates. 
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Kegel et al. [34] compared an air-source solar collector coupled with an air-source HPWH 

to a water-source solar collector with a ground-source heat pump system for space and 

water heating in Montreal. This study concluded that the air-source solar collector and heat 

pump system configuration was more efficient than the water-source configuration. 

Despite the benefit of air-based collectors with HPWHs, a review by Kamel et al. [29] 

highlighted that there is limited research on air-based solar collectors coupled indirectly 

with HPWHs. Past research has shown reduced performance of HPWH-only and combined 

HPWH-solar systems in cold climates compared to moderate climates, so new strategies 

and configurations of SAHPWH which prevent or reduce impact on space conditioning 

loads should be developed to increase feasibility of SAHPWHs in these harsher climate 

conditions. 

2.3 Economics of heat pump water heaters 

Although HPWHs have been available commercially for several decades, their uptake 

remains limited, largely due to high capital and lifecycle costs [8], [35]. However, the 

increased efficiency of HPWHs and SAHPWHs compared to electric or natural gas water 

heaters translates to lower operating and fuel costs [36]. Further, it has been shown that 

there is little room for water heating efficiency increases to be realized with traditional 

electric and natural gas water heater technology, so if significant efficiency and operating 

savings are to be realized, solar water heaters, HPWHs, or SAHPWHs must be used [4]. In 

order to justify the purchase of a more expensive HPWH, the efficiency increases over the 

lifetime must be accounted for, using parameters such as LCC and PBP which encompass 

not only capital costs but also operating and fuel cost savings. 
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Khalaf [6] studied HPWHs in various Canadian locations, finding that the PBP for HPWH 

systems doubled in Ontario from 4 years to 8 years when the increased space heating load 

was considered for a new HPWH installation. The study found that the low cost of NGWHs 

has hindered market penetration of HPWHs in locations such as Ontario, while the low 

cost of electricity in Quebec and BC makes the reduction in electricity cost insignificant as 

compared to EWHs due to the large capital costs for HPWH systems. 

Amirirad et al. [37] studied heat pumps across Canada, and showed that there were energy 

cost savings to be realized with HPWHs, with the maximum savings realized in Vancouver 

and minimum in Edmonton. Kegel et al. [34] encompassed capital costs, as well, in an 

analysis of a solar assisted air source heat pump and determined that although it was more 

efficient than a solar assisted water source heat pump, the high capital costs could not be 

overcome in Quebec. This is in part due to low electricity costs in Quebec which limit the 

operating cost savings attainable with HPWHs or SAHPWHs. Maguire et al. [19] also 

conducted an analysis of HPWHs in various locations which included breakeven points 

and agreed that the breakeven point occurs quicker in locations with high electricity costs, 

because it is these locations that realize higher operating cost savings.  

PBP has been one of the more common economic parameters used to encompass capital 

and operating costs in past research. Kegel et al. [38] calculated PBP of HPWHs in various 

Canadian locations and determined that the PBP was greater than the assumed lifetime in 

a large number of locations. Poppi et al. [28] also indicated that there are long PBPs for 

HPWHs in Canadian locations, because PBP increases in more northern locations which 

have significant space cooling externalities of the HPWH. Buker and Riffat [39] analyzed 
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trends of solar assisted heat pumps and determined that although PBP is high for solar 

assisted heat pumps, it has decreased in recent years, but indicated that more research is 

needed on the economics of solar assisted heat pumps. Marinelli et al. [40] reviewed 

residential heat pump usage with a life cycle thinking approach.  The study agreed that 

economic analysis has been limited in research of heat pump systems, went further to 

indicate that studies including social aspects of heat pump systems such as air quality 

improvements via GHG reductions are even more limited. 

2.4 Modelling and simulation of heat pump water heaters 

Studies that compare the same water heater configuration in different locations are 

necessary to determine variations in water heater performance due to climate but are 

difficult or impossible to achieve without modelling and simulation. This is true for all 

types of water heating, including HPWHs. To develop these water heating models, it is 

important to determine the level of detail necessary to accurately represent the water heater 

while reducing computational effort.  

Baldwin and Cruickshank [41] modelled three storage tank subroutines using TRNSYS to 

determine differences in their performance, and also conducted a sensitivity study on the 

number of nodes used within a 270 L storage tank for cold thermal storage. The sensitivity 

study used between 12 and 100 nodes to model the storage tank, and it was observed that 

increasing the number of nodes increased the rate of temperature change at any given point. 

When comparing the results with 50 and 100 nodes, it was concluded that although an 

improvement existed for the 100-node model, the improvement was small and thus the 50-

node storage tank was deemed sufficient for the cold thermal storage analysis. 
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Cruickshank [42] studied a solar water heater and analyzed the common assumptions in 

modelling of solar storage systems, including the assumption of one-dimensional 

temperature changes only in the vertical direction. This analysis was done using an 

experimental water tank with two sets of ten equally spaced thermocouples in the 

horizontal direction and nine thermocouples equally spaced in the vertical direction. A 

cool-down test was run to determine the uniformity of the horizontal temperature gradients 

and it was concluded that these gradients were nearly zero. This conclusion can be applied 

to various water heating systems with storage tanks in both experimental and simulated 

models, because it indicates the validity of the one-dimensional assumption. 

In TRNSYS, two HPWH models exist in the TESS library – Type 938 and Type 1237. 

Type 938 is a simplified HPWH which models the refrigerant to water exchange similar to 

that of a counterflow heat exchanger. For many physical, commercially available HPWHs 

such as those with wrap-around condenser coils, modelling the heat exchange as a 

counterflow heat exchanger does not capture the behavior to a sufficient degree of detail. 

Type 1237 uses a wrap-around coil heat exchanger to model the refrigerant to water heat 

exchange but does not accurately model phase change materials like certain refrigerants. 

To account for the lack of accurate modelling capability with existing TRNSYS models, 

Khalaf [6] used the FORTRAN Compiler to develop Type 240. Type 240 models a wrap-

around condenser coil with capability to determine performance of phase change materials. 

Khalaf used an experimental HPWH to develop a performance map for Type 240 and 

validate the model. 
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2.5 Areas of limited research  

Among the research on HPWHs and SAHPWHs, there exist a few areas of limited 

knowledge. Although there is research on the effects and benefits of preheating inlet 

HPWH air to increase performance, there is little research to date on preheating that inlet 

air using solar thermal. Most of the strategies that exist to improve cold climate 

performance of HPWHs and mitigate their space cooling effect use water- or other liquid-

based solar collectors as opposed to air-based.  

Review studies have attempted to compare performance between several SAHPWHs in 

different configurations and locations, but it is difficult to draw conclusions about 

performance between studies when the research employs vastly different boundary 

conditions, configurations, and assumptions. In addition, there are few studies which 

analyze and compare solar assisted heat pump water heaters across Canadian and American 

locations, and even fewer that include an analysis of economics or GHG reduction. A 

summary of the notable findings from the literature review, as well as the research gaps is 

provided in Table 2.1. 

Table 2.1: Summary of literature review and research gaps 

Study Important Findings 

Khalaf Experimental and numerical simulation of HPWH determined that space 

heating costs increase when HPWHs are used in Canadian climates, 

rendering the technology uneconomical in many locations 

Poppi et al. It is difficult to compare HPWHs in various locations between studies due 

to different assumptions and configurations – to compare performance in 

different locations, the same systems must be used. 

Marinelli et al. Social aspects of HPWHs are infrequently discussed, including economics 

and GHGs, and their ability to increase overall social satisfaction 

Kamel et al. Research on air-based solar collectors coupled with HPWHs is lacking, 

despite the benefits of the system 

Kawk and Bai  HPWH performance can be increased with preheated air 

  



25 

 

Chapter 3:  Experimental Methodology 

The experimental apparatus used within this study included an instrumented and controlled 

air source HPWH, air-handling unit, water draw system, and mains water cooling system. 

The details of all components used, including the instrumentation and data acquisition are 

described in this section, beginning with an overview of the full apparatus. 

3.1 Overview of experimental apparatus 

The experimental setup was designed with the capability to test a commercially available 

HPWH under various water temperature, air temperature, air humidity, and flow rate 

conditions. The setup can be divided into five major systems: the HPWH, the hot water 

draw system, the mains water cooling system, the air-handling unit, and the data acquisition 

system. Figure 3.1 shows some components of these systems in the experimental apparatus. 

 

Figure 3.1: Experimental apparatus and layout 
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The experimental apparatus was designed to operate as follows. The water was heated in 

the HPWH storage tank, and during designated hot water draw events, the water draw 

system operated to remove water from the HPWH tank. Water from the mains tank 

simultaneously entered the HPWH tank to replenish the volume drawn. The mains tank 

stored water that was cooled to temperatures representative of those occurring throughout 

winters in Canadian locations. The mains tank was cooled via a heat exchanger that was 

connected to the glycol cooling tank. The glycol cooling tank was a glycol storage tank 

that was cooled to near zero or sub-zero temperatures using a chiller. A schematic of the 

experimental apparatus is shown in Figure 3.2. The glycol cooling tank also fed chilled 

glycol to a supercooling coil in the air handling unit. This coil was one of three coils used 

to temper the inlet HPWH air. The air in the air-handling unit was conditioned to 

temperature, humidity, and flow rates setpoints and heat was removed from the air by the 

HPWH to heat the water. A schematic diagram of the air-handling unit used in the 

experimental apparatus is shown in Figure 3.3.  

As the experimental apparatus was operated, temperatures, humidity values, flow rates, 

and power values were monitored and controlled using a data acquisition system. 

Additional details of all components used in the experimental system are provided in the 

following sections. 
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Figure 3.2: Schematic diagram of experimental apparatus 

 

 

Figure 3.3: Schematic diagram of air-handling unit 
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with wrap-around condenser coils. The refrigeration loop and water storage tank were one 
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the storage tank with a fan to force air across the evaporator and promote energy exchange. 
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The HPWH also included two heating elements: an upper element for rapid water heating 

during high draw events and a lower element for slower water heating over longer periods. 

The HPWH tank temperature setpoint was set at 60°C. The specifications of the HPWH 

are provided in Table 3.1. 

Table 3.1: Specifications for HPWH used in experimental apparatus [7] 

HPWH Parameter Value 

Power Output 

Heat Pump Power (W) 550 

Upper Element Power (W) 4500 

Lower Element Power (W) 4000 

Refrigerant Details 
Refrigerant Type R-134a 

Refrigerant Charge (kg) 0.78 

Temperature Settings 
Water Temperature Setting (°C) 38-60 

Air Temperature Range (°C) 7-49 

Electrical Requirements 

Required Voltage (V) 208/240 

Required Current (A) 30 (min) 

Required Electrical Frequency (Hz) 60 

Dimensions 

Tank Height (m) 1.5 

Tank Diameter (m) 0.5 

Tank Volume (L) 189 

 

The HPWH could be operated in one of four water heating mode settings: HPWH-only, 

hybrid, high demand, and electric. HPWH-only mode allowed only the refrigeration cycle 

to heat the water. Hybrid mode combined the refrigeration cycle with an electric element 

during periods of high draws. This allowed the HPWH to increase tank temperatures more 

quickly, but operation of the electric resistance element increased the energy required to 

heat the water thus decreasing the COP. High demand mode was similar to hybrid mode 

but operated by cycling the upper and lower heating elements to satisfy hot water demand 
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during periods of unusually high demand. Due to the increased use of electric elements, 

high demand mode consumed more electricity and had a higher COP than either HPWH or 

hybrid mode. Electric mode prevented operation of the refrigeration cycle. It used the upper 

or lower heating element to heat water similar to an EWH and therefore consumed more 

energy than the other modes. The HPWH was instrumented and controlled using 

thermocouples, relative humidity sensors, relays, and power monitoring equipment. A 

summary of the HPWH instrumentation is provided in Table 3.2.  

Table 3.2: Instrumentation used to monitor HPWH 

HPWH Instrument Type/Model Quantity and Location  

Thermocouples T 

10 – water tank 

5 – outlet air 

5 – inlet air (also shown in Table 3.5) 

8 – refrigerant lines 

Omega Relative Humidity Sensor HX94A 
1 – outlet air 

1 – inlet air (in AHU) 

Continental Control Systems, LLC 

– WattNode 
WNB-3Y-208-P 1 – Power Cabinet 

 

The temperature of the hot water was measured using ten Type T thermocouples with equal 

vertical spacing of 0.1 m in the storage tank. The horizontal temperature gradients were 

not measured because they were found to be negligible in [42]. Thermocouples were also 

used to record air temperatures entering and leaving the HPWH. Five thermocouples were 

used for each the inlet and the outlet air so average temperatures could be used. The relative 

humidity was measured using relative humidity and temperature sensors at the inlet and 

outlet of the HPWH. 

The HPWH, in its market ready condition, did not allow for control of the HPWH fan and 

compressor or upper and lower element, or allow for measurement of the power consumed. 
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To achieve the required level of control and monitoring of the HPWH, Khalaf [6] and 

Smith [22] overrode the original controls by replacing and modifying select relays. Existing 

relays for the compressor and heating elements were replaced with external relays which 

could be independently controlled, without compromising the safety features of the unit.  

Power consumption was monitored with current transformers and a WattNode Pulse. The 

current transformers were installed on HPWH power supply wires and transformed the line 

current into a power. The WattNode measured the power and generated pulses in a 

frequency proportional to the total power consumption of the HPWH unit [43]. The pulses 

were read in by the data acquisition system to provide a power readout. The power cabinet 

containing the current transformers, relays and WattNode are shown in Figure 3.4. 

 

Figure 3.4: HPWH power control and monitoring cabinet 
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the water supply system connected the water mains to the HPWH. 
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3.3.1 Water draw system 

The hot water draw system included solenoid and tempering valve to control the 

temperature, time, and duration of the draws. The solenoid valve was controlled via the 

data acquisition system to open or close to achieve the desired draw times and volumes. 

The water draw volumes and schedules were based on CSA-F379.1 standard draw profiles 

which represent various levels of occupancy. The solenoid valve would open at a set time 

based upon the standard draw profile and remain open until a flow meter indicated that the 

draw volume requirement had been met. During draws, a throttling valve was used in line 

with the solenoid valve to set the desired flow rate of 11.5 L/min in accordance with CSA-

F379.1 [44]. When water was drawn from the HPWH tank at 60°C, it was cooled to 55°C 

using the tempering valve to reduce the risks of scalding and of legionella formation [45]. 

An image of the water draw system is shown in Figure 3.5. 

 

Figure 3.5: Water draw system components 

The water draw system instrumentation included a flow meter and thermocouples in a 

thermowell. A summary of the water draw instrumentation is shown in Table 3.3. 
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Table 3.3: Instrumentation used in water draw system 

Water Draw Instrument Type/Model Quantity and Location  

Themowell Type T Thermocouple 
1 – hot water from storage tank 

1 – hot water after tempering valve 

Flow Meter Blancett B220-886 1 – hot water drawn from tank 

Tempering Valve Heatguard HG110-HX 1 – mixing hot water and mains water 

Solenoid Valve  Schneider AG13A020 
1 – hot water draw line 

1 – HPWH recirculation loop 

 

A recirculation loop was also used in the experimental apparatus to reduce stratification of 

the HPWH tank. The recirculation loop consisted of a pump and a solenoid valve which 

drew water from the HPWH outlet and returned it to the inlet. Recirculation was used to 

precondition the HPWH tank to a uniform temperature prior to a draw test. 

3.3.2 Water supply system 

The water supply system was used to cool inlet water to the HPWH tank which was 

supplied during hot water draws. The existing mains water lines supplied water at 20°C, 

which is greater than winter mains water temperatures in Canada. To replicate winter water 

temperatures, a system for cooling the mains water entering the HPWH was implemented. 

The water supply system consisted of a chilled water storage tank, heat exchanger, glycol 

cooling tank and chiller, and three-way valve. Water in the mains water tank could be 

cooled below 10°C which allowed the HPWH to be tested in response to lower water 

temperatures to expand the existing HPWH performance map and test the HPWH under 

conditions representative of Canadian winters. The water mains temperatures were 

determined based on the algorithm developed by Burch and Christensen [46]. Water in the 

mains water tank was cooled using a recirculation loop connected via a heat exchanger to 
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the chilled glycol system, which had a 50/50 glycol/water mixture by volume. Water was 

removed from the water tank, circulated through the counterflow heat exchanger, and 

pumped back into the tank through the return line, as shown in Figure 3.6. When water was 

drawn from the HPWH and therefore from the mains water tank, the mains water tank was 

refilled with the building supply water at around 20°C. 

 

Figure 3.6: Mains water cooling system 

The chilled glycol was fed to the heat exchanger from a glycol storage tank. The glycol 

was cooled to around 0°C using a chiller and was stored in the glycol storage tank to be 

used to cool the mains water and air in the AHU. A three-way valve was controlled and 

used to proportion the amount of glycol used for chilling the water and the air throughout 

tests. The instrumentation for the water supply system is shown in  Table 3.4. 

Table 3.4: Instrumentation used in water supply and water-cooling system 

Water Supply Instrument Type/Model Quantity and Location 

Thermocouples T 
10 – mains water tank 

2 – chilled glycol tank 

Three-way valve Belimo TFRB24-SR 
1 – selector Between water 

cooling and air cooling system  

 

Mains Water Tank

Supply Return

Heat Exchanger Glycol LinesWater Lines
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3.4 Air handling unit 

The air-handling unit (AHU) was used to condition the inlet HPWH air to various 

temperature, flowrate, and humidity conditions. The air-handling unit had a humidifier, 

humidification filter, fan, and three sets of tempering coils. The specifications of the AHU 

components are provided in Table 3.5 and an image of the AHU is shown in Figure 3.7. 

Table 3.5: Components used in air-handling unit 

AHU Component Type/Model Quantity and Location 

Thermocouples T 

1 – AHU inlet air 

1 – after cooling coils 

1 – after heating coils 

5 – AHU outlet (HPWH inlet 

shown in Table 3.2) 

Omega Relative Humidity 

Sensor 
HX94A 

1 – AHU outlet (HPWH inlet 

shown in Table 3.2) 

Humidifier Skuttle 529 1 – before tempering coils 

Humidifier Filter 
GeneralAire 

FBA_HUGEN1099 
1 – after humidifier 

Water Cooling Coil 
CW12C06S12-

12.5x14-RH 
1 – after humidifier filter 

Water Heating Coil 
HW12C02A11-

12.5x14-RH 
1 – after cooling coil 

Glycol Supercooling Coil 
CW12C06S12-

12.5x14-RH 
1 – after heating coil 

 

 

Figure 3.7: Air-handling unit in experimental apparatus 

Fan

Humidifier

Humidifier Filter

Cooling 
Coils

Heating 
Coils

Supercooling 
Coils



35 

 

The fan was used to control the flow rate of air over the HPWH. Khalaf [6] determined that 

variations in air flow rate had little impact on the performance of the system, so the flow 

rate was typically set at 260 m3/h, which was the normal flow rate over the HPWH due to 

the built-in HPWH fan [22].  

The humidification system included a humidifier and a filter. After the studies conducted 

in [4] and [20], it was suggested that a humidification filter be added to facilitate further 

humidification. The filter served the purpose of holding moisture from the humidifier to 

promote evaporation as the air passed through.  

The three tempering coils were used to temper and dehumidify the air entering the HPWH. 

The air passed over the water-fed cooling coil, then the water-fed heating coil, and finally 

over the chilled glycol-fed supercooling coil. The flow rates of the water and glycol within 

the coils were controlled using variable flow control valves that were operated through the 

control program. 

3.5 Data acquisition and control program 

The readings obtained from the experimental apparatus were measured and recorded using 

a National Instruments CompactDAQ with a digital input, digital output, analog input, and 

analog output card, as well as three thermocouple cards. The data was collected using the 

input and thermocouple cards, while the signals were sent using the output cards. A 

summary of the cards used is provided in Table 3.6. 
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Table 3.6: Data acquisition and control system details 

Card Type Model Use 

Analog Input NI9207 
Recording 

Data 

• AHU flowmeter flow rate 

• Heating and cooling coil valves 

• RH sensor humidity and temperatures 

Analog Output NI9263 
Control 

Signals 

• AHU fan 

• Heating, cooling, and supercooling coil  

Digital Output NI9476 
Control 

Signals 

• Fan, compressor, heating element relays 

• Recirculation pump relays 

• Solenoid valve relays 

• HPWH power  

• Humidifier 

Digital Input NI9422 
Recording 

Data 

• Total power consumption 

• Flow meter 

Thermocouple Input 
2 x NI9213 

1 x NI9214 

Recording 

Data 

• HPWH, mains water, glycol tank 

temperatures 

• AHU air temperature 

• Inlet and outlet HPWH water temperatures 

 

A Laboratory Virtual Instrument Engineering Workbench (LabVIEW) [47] program was 

used to control the outputs and collect data from the inputs of the experimental apparatus. 

The LabVIEW program monitored the operating conditions and compared them to the 

setpoints for air temperature, velocity, and humidity, and tank temperatures and adjusted 

the output controls to achieve the setpoints. Simultaneously, the LabVIEW program 

recorded details about the operating conditions at 60-second intervals.  

3.6 Experimental testing 

The experimental apparatus was run in different tests to expand the performance map used 

in [4] and [20] and test system performance under daily draw trials, with the additional 

capability provided by the chilled glycol  for cooling water and supercooling air. The 

HPWH was run under draw and charge tests, and the LabVIEW program was developed 

to toggle between the two. In charge tests, the water in the HPWH was cooled to a uniform 
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temperature of 10°C, then the refrigeration cycle was turned on and performance was 

monitored using heat rejection to the water tank, compressor power, sensible heat transfer 

from the air, and total heat transfer from the air during the heating process to the setpoint 

of 60°C. A charge test was run for each set of different air temperature and relative 

humidity conditions. Air temperatures between 10°C and 40°C at 10°C increments were 

used to test the full range within which the HPWH can operate. Relative humidity levels 

of 20% and 30% were the relative humidity levels achievable for the full temperature range 

with the experimental setup and, as such, were used to test HPWH performance at each of 

the tested air temperatures. The charge tests for each of the temperature and humidity pairs 

were used to create the experimental performance map. During a charge test, the 

performance of the HPWH in terms of the compressor power, heat rejection, and air 

cooling capacity were calculated between 10°C and 60°C water temperatures at 10°C 

increments. The results for the performance map are shown in Appendix A. Linear 

interpolation was used to determine heat rejection to the storage tank, compressor power, 

and sensible and total heat transfer from the air at temperatures, relative humidity levels, 

and storage tank temperatures between the tested values within the operating range. 

Draw tests began with the water in the HPWH storage tank at a uniform 60°C temperature. 

Water draws then occurred at each hour throughout the experiments to correspond to CSA-

F379.1 Schedule A 150 L daily draw profile. During the draw tests, water in the HPWH 

storage tank was replaced with chilled mains water. The draw test was conducted with inlet 

HPWH air conditions that simulated solar collector outlet temperatures. Solar collector 

outlet temperatures for Ottawa, Canada in January are shown in Figure 3.8 along with the 

hourly draw volumes for a 150 L daily draw. 
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Figure 3.8: HPWH draw test input conditions 

3.7 Experimental calculation methodology 

The experimental analysis included calculation of the HPWH storage tank heat rejection, 

compressor power, and sensible and total heat transfer of the air across the HPWH. To 

calculate heat rejection, the storage tank was treated as a ten-node system with equal 

vertical spacing of 10 cm throughout the storage tank. The nodal heat rejection was the 

difference in energy of the current and previous timesteps, in Equation (3.1). 

𝐻𝑅𝑡 =  
𝐸t − 𝐸t−1

𝑡
 (3.1) 

In Equation (3.1), the subscript denotes the timestep considered, either the present or 

previous timestep, while 𝐸 is the energy of the node in kJ and 𝑡 is the timestep duration in 

hours. The nodal energy for each of the ten tank nodes at a given timestep was calculated 

from Equation (3.2), based on nodal volume, 𝑉 in m2, a temperature-dependent density 

parameter, 𝜌 in kg/m2, and specific heat capacity 𝐶p. 

𝐸t =  𝑉𝜌𝐶p,water(𝑇t − 𝑇ref) (3.2) 
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Nodal energy was added together at each timestep to get the total energy delivered, 

𝐸delivered in kJ. The COP was calculated as the ratio of the sum of the energy delivered to 

the sum of the energy consumed by the compressor, 𝐸 compressor, in kJ over the full test.  

𝐶𝑂𝑃 =  
∑ 𝐸delivered

∑ 𝐸 compressor
 (3.3) 

The sensible cooling of the air, 𝑄sens, due to the temperature difference and total air 

cooling, 𝑄total, due to temperature and humidity differences between the inlet and outlet 

air were calculated from Equations (3.4) and (3.5), respectively. 

𝑄sens = 𝑚̇𝐶p,air(𝑇in − 𝑇out) (3.4) 

𝑄total = 𝑚̇(ℎin − ℎout) (3.5) 

In Equations (3.4) and (3.5), 𝑚̇ is the mass flow rate of the air over the HPWH in kg/h. The 

subscripts in and out denote the air entering or leaving the HPWH, respectively. The 

enthalpy, ℎ in kJ/kg, was calculated using the combined enthalpies of the dry air, ℎair, and 

vapour, ℎvapour, along with the humidity ratio, 𝜔, as shown in Equation (3.6) [48]. 

ℎ = ℎair + 𝜔ℎvapour (3.6) 

With constant specific heat capacities, the enthalpy of the dry air can be calculated as the 

product of the temperature and heat capacity, 𝐶p in kJ/kg°C. The enthalpy of the vapour 

can be calculated from Equation (3.7). 

ℎvapour = ℎsat + 𝐶p,vapour𝑇 (3.7) 

Combining Equation (3.7), Equation (3.6) gives:  

ℎ = 𝐶p,air𝑇 + 𝜔(ℎsat + 𝐶p,vapour𝑇) (3.8) 
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where 𝐶p,air, 𝐶p,vapour, and ℎsat are 1.006 kJ/kg°C, 1.806 kJ/kg°C, and 2501 kJ/kg, 

respectively, as shown in Equation (3.9). 

ℎ = 1.006𝑇 + 𝜔(2501 + 1.805𝑇) (3.9) 

To calculate the humidity ratio, the atmospheric pressure, 𝑝atm, partial pressure of the air, 

𝑝air, and partial pressure of the vapour, 𝑝vapour, all in kPa were used in Equation (3.10). 

𝜔 = 0.6219 
𝑝vapour

𝑝air
= 0.6219

𝑝vapour

𝑝atm − 𝑝vapour
 (3.10) 

The partial pressure due to the water vapour, which is equal to the partial pressure at the 

dewpoint temperature, 𝑇dp, was determined experimentally through the procedure in [22] 

to follow the relationship shown in Equation (3.11). 

𝑝vapour = 6.1164 𝑥 10

7.5914∗𝑇dp

𝑇dp+240.726   (3.11) 

Calculation of the dewpoint temperature allows for the partial pressure of the vapour, 

humidity ratio, and therefore enthalpy and total heat transfer to be calculated.  

3.8 Uncertainty analysis 

In experimental analysis, there exist two main types of uncertainty which must be 

quantified to demonstrate the validity of the analysis. These uncertainties are bias 

uncertainties which occur as a result of uncertainty within the equipment, details of which 

are often provided by the manufacturer, and precision uncertainties which occur as a result 

of scatter in measured data. Precision uncertainty for this analysis was obtained based on 

the procedure in [49] from a data set having finite size. The calculation began with 
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determining the sample mean value, 𝑥̅ based on the number of measurements, 𝑁, and the 

value of each measurement, 𝑥i, as shown in Equation (3.12).  

𝑥̅ =
1

𝑁
∑ 𝑥i

𝑁

𝑖=1

 (3.12) 

From the sample mean value, the sample variance 𝑠x
2 and therefore the sample standard 

deviation 𝑠x could be calculated using Equations (3.13) and (3.14), respectively. 

𝑠x
2 =

1

𝑁 − 1
∑(𝑥i − 𝑥̅)2

𝑁

𝑖=1

 (3.13) 

𝑠x = (
1

𝑁 − 1
∑(𝑥i − 𝑥̅)2

𝑁

𝑖=1

)

1
2

 

(3.14) 

 

The standard deviation of the means, 𝑠x̅, was a function of the standard deviation of the 

sample, as well as the number of measurements, using Equation (3.15). 

𝑠x̅ =
𝑠x

√𝑁
 (3.15) 

When a normal distribution was assumed with a 95% confidence interval, 95% of the 

measured values should be within a certain number of standard deviations from the mean, 

then the following was true: 

𝑥i = 𝑥̅ ± 𝑡ν,95% 𝑠x (3.16) 

where 𝑡ν,95% is the coverage factor that was determined based on the coverage factor table 

in [49], as a function of the confidence interval, in this case 95%, and the degrees of 

freedom, ν. The number of degrees of freedom was defined as one less than the number of 

measurements, as shown in Equation (3.17). 
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𝜈 = 𝑁 − 1 (3.17) 

The precision uncertainty, 𝑢prec, could be calculated from the coverage factor and the 

standard deviation of the means from Equation (3.18). 

𝑢prec = 𝑡ν,95% 𝑠x̅ (3.18) 

The total uncertainty, 𝑢total, was then calculated as a factor of the precision and bias 

uncertainty, 𝑢bias, values. The total uncertainty was calculated from Equation (3.19). 

𝑢total = √𝑢prec
2 + 𝑢bias

2  (3.19) 

 

3.8.1 Thermocouple uncertainty  

Thermocouples are a temperature measurement device with two wires of dissimilar alloys 

(copper and constantan) coupled together. When a temperature difference occurs, the 

thermocouple produces a proportional voltage due to the dissimilar material properties. 

Using the voltage, and a known temperature of a reference junction called the cold-junction 

compensation (CJC) temperature, the temperature measured by the thermocouple can be 

determined. The relationship between the voltage and temperature can either be determined 

using tables by the National Institute of Standards and Technology (NIST) or using an 

equation obtained by thermocouple calibration [50]. The NIST thermocouple tables 

provide readings accurate to 0.5°C and do not include uncertainty due to the cold junction, 

therefore the uncertainty of the thermocouples in this research was obtained via more 

precise experimental calibration.  
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In the experimental apparatus, 30-gauge and 24-gauge thermocouple wire were used and 

both were calibrated based on the procedure described in [50]. In the calibration 

experiments, the thermocouple wire was placed in a uniform temperature bath with a 

temperature setting accurate to ±0.02°C. The temperature of the bath was brought to 5°C 

to begin the test and was slowly increased to 95°C in 2°C intervals, for a total of 46 

temperature tests. Throughout the test, the temperatures were measured using a resistance 

temperature detector (RTD) with an accuracy of ±0.02°C. Simultaneously, the voltage 

readings from both gauges of thermocouple wire were recorded and a relationship between 

the voltage and the temperature difference was established for each. The relationships 

between voltage, Ѵ, and temperature, 𝑇, for the thermocouple wires were fitted based on a 

sixth order polynomial for 30-gauge and 24-gauge wire, as shown in Equations (3.20) and 

(3.21), respectively. The CJC temperature was measured on the NI 9214 thermocouple card 

using a built-in thermistor having an accuracy of ±0.25°C within the range of 23±5°C [51]. 

𝑇30−gauge = 0.00109 ∗ Ѵ6 + 0.00615 ∗ Ѵ5 − 0.0799 ∗ Ѵ4 + 0.212 ∗ Ѵ3

− 0.708 ∗ Ѵ2 + 24.65 ∗ Ѵ − 0.186 + 𝐶𝐽𝐶 

 

(3.20) 

𝑇24−gauge = 0.00258 ∗ Ѵ6 − 0.00374 ∗ Ѵ5 − 0.0633 ∗ Ѵ4 + 0.227 ∗ Ѵ3

− 0.741 ∗ Ѵ2 + 24.68 ∗ Ѵ + 0.091 + 𝐶𝐽𝐶 

(3.21) 

Uncertainty also occurred due to the voltage reading of the thermocouple card and 

resistance reading of the RTD, which were calculated in [50] to be 0.18°C and 0.04°C, 

respectively. The total uncertainty values for the 24-gauge and 30-gauge thermocouple 
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wires were calculated as 0.46°C and 0.49°C, respectively, by taking the square root of the 

sum of the squares of the values shown in Table 3.7. 

Table 3.7: Uncertainty values for thermocouples used in experimental apparatus 

Source of Uncertainty 30-Gauge (°C) 24-Gauge (°C) 

Bath temperature homogeneity 0.02 0.02 

Bath RTD reading 0.02 0.02 

Resistance reading error 0.04 0.04 

Voltage reading error - calibration 0.18 0.18 

Voltage reading error - experimental 0.18 0.18 

Regression prediction error 0.24 0.16 

Cold junction temperature - calibration 0.25 0.25 

Cold junction temperature - experimental 0.25 0.25 

Total uncertainty 0.49 0.46 

 

3.8.2 Draw volume uncertainty 

The water flowmeter used in this experiment was a positive displacement flowmeter that 

operated by sending pulses to the data acquisition system corresponding to flow drawn. 

The flowmeter generated 282.8 pulses per litre of water and had a bias uncertainty of 1%. 

In the CSA-F379.1 Schedule A draw profile, draw volumes between 5 L and 45 L were 

drawn from the storage tank at various times throughout the day. When a water draw event 

occurred, the LabVIEW program sent a signal to open the water draw solenoid. Throughout 

all draws, the flowmeter measured the draw volumes via pulses, and the LabVIEW 

program sent a signal to close the solenoid valve when the draw volume was met.  
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The total uncertainty values for each water draw volume, all of which were less than the 

uncertainty limit of 0.14 L set by the CSA standard, were calculated from the procedure 

shown in Equations (3.12) through (3.19), and are shown in Table 3.8.  

Table 3.8: Uncertainty values for each water draw volume 

Water Draw Volume (L) Uncertainty (L) Uncertainty (%) 

5 0.0626 1.25% 

10 0.1091 1.09% 

20 0.1107 0.55% 

25 0.1046 0.42% 

30 0.1187 0.40% 

45 0.1105 0.25% 

 

3.8.3 Coefficient of performance uncertainty 

The coefficient of performance (COP) of the HPWH was used as a comparison mechanism 

between the experimental and simulated systems to validate the simulated model. As such, 

the experimental uncertainty propagation for the COP was calculated, based on the heat 

rejection to the storage tank, 𝐻𝑅, and the compressor power, 𝑃compressor, from the 

generalized formula for uncertainty propagation shown in Equation (3.22), and the specific 

formula for COP uncertainty shown in Equation (3.23). 

𝑢y = (∑(
𝜕𝑦

𝜕𝑥i
𝑢i)

2

𝑁

𝑖=1

)

1/2

 (3.22) 

𝑢COP = ((
𝜕𝐶𝑂𝑃

𝜕𝐻𝑅
𝑢HR)

2

+ (
𝜕𝐶𝑂𝑃

𝜕𝑃compressor
𝑢𝑃compressor

)

2

)

1/2

 (3.23) 

To calculate the heat rejection uncertainty, the variables used in the heat rejection 

calculation (Equation (3.1)), volume, 𝑉, and temperature, 𝑇, were used in a variation of 
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Equation (3.22). Because density and specific heat capacity were calculated based on 

temperature, the error associated with these values was assumed to be negligible. The 

uncertainty of the heat rejection is shown in Equation (3.24). 

𝑢HR = ((
𝜕𝐻𝑅

𝜕𝑉
𝑢V)

2

+ (
𝜕𝐻𝑅

𝜕𝑇
𝑢T)

2

)

1/2

 (3.24) 

The uncertainty due to the heat rejection was calculated based on the volume and 

temperature to be 1.66% over a draw test from Equation (3.24).  

The uncertainty due to the compressor power was also calculated using the bias and 

precision uncertainties associated with the measurement. The bias uncertainty was 1% for 

the WattNode used within this experiment [43], with a 90 W resolution on each pulse, 

while the precision uncertainty was calculated using the procedure from Equations (3.12) 

through (3.19) with a 95% confidence interval to be 2.87%. With the bias and precision 

uncertainty values, the total uncertainty over a draw test was calculated as the square root 

of the sum of the squares to be 3.03% or 14.32 W. The uncertainty of the COP was then 

calculated over a draw test using Equation (3.23) and the values obtained for heat rejection 

and compressor power. The calculated uncertainty of the COP was 3.46% or 0.092. 

3.9 Limitations and assumptions 

The experimental apparatus included some limitations and assumptions throughout this 

research. The humidifier in the AHU was incapable of humidifying the air to high relative 

humidities, particularly at high temperatures. As such, the tested relative humidity range 

was limited to between 20% and 30% RH. One solution examined in this research was 

adding a humidifier filter after the humidifier in the AHU to facilitate further moisture 
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evaporation to the air. Although the humidity slightly increased, it was insufficient to test 

higher relative humidity values at the full temperature range. Ultimately, the best solution 

to this would be to heat the air prior to humidification to increase the humidity levels 

achievable. If air was heated prior to passing over the humidifier, the air would be capable 

of holding more moisture and thus higher humidity levels could be achieved. Despite the 

limitation, the existing humidification was deemed suitable for this research because the 

main objective was to analyse HPWH performance when coupled with a solar thermal 

collector in winter conditions, when moisture content within the air is lowest. When using 

either basement air or cool outdoor air through a solar collector, the increase in temperature 

resulted in a decrease in relative humidity, which often left the relative humidity within the 

20% to 30% RH performance map range. As such, the limited relative humidity range in 

the experimental apparatus was not detrimental to this research. 

Another limitation of the experimental apparatus was present in the power monitoring 

equipment. The WattNode used to measure the power of the experimental apparatus could 

not measure the HPWH compressor power and the element power separately, and thus all 

power readings were recorded together. Although this decreased the neatness of power 

readings, the difference in power consumption between the compressor which drew about 

400-600 W and the element which drew 4000 W, made it clear which systems were 

operating when nonzero power readings occur. 

The mains water cooling system caused another source of error within the experimental 

analysis. The mains water tank used to store chilled water to supply to the HPWH during 

hot water draw events was 136 L compared to the HPWH tank which was 189 L. Although 
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the mains water tank could store over 70% of the HPWH tank volume, it was unable to 

maintain 10°C HPWH supply temperatures during the largest draw events and instead 

increased to 15°C. Although the 10°C temperature was maintained for a high percentage 

of the draws, particularly the draw volumes between 5 L and 20 L, the increasing 

temperatures entering the HPWH tank added a small source of error to the analysis. 

3.10 Summary of Experimental Apparatus 

The experimental apparatus used within this study was described in this section. The 

experimental apparatus included a commercially available HPWH with a fully 

instrumented and controlled AHU, hot water draw system, and air and water chilling 

system. Water charging tests to heat the water in the storage tank and water draw tests to 

determine HPWH performance during draw events were conducted as described in this 

section. An uncertainty analysis was performed on the experimental system components to 

determine the error on the experimental COP calculated for the system. The experimental 

apparatus and procedures described in this section were used to update a performance map 

for the system and validate the simulated system model.  
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Chapter 4:  System Modelling Approach 

TRaNsient SYStem simulation software (TRNSYS) [52] was used to simulate performance 

of the HPWH and outdoor, conditioned, and closed loop SAHPWHs, shown in Figure 1.5, 

in locations across Canada and the United States. An overview of the simulation 

methodology, experimental validation, analysis methods and parameters, and limitations 

and assumptions are presented in this section. 

4.1 Modelling overview 

The modelling portion of this study included two main steps: modelling of the solar 

collector to determine inlet HPWH conditions for the experimental setup and full 

modelling of the HPWH and SAHPWHs. The performance of the experimental system 

with the simulated solar collector was compared to the full HPWH model for validation. 

The HPWH and SAHPWH models were then used for the modelling study and analysis. 

The HPWH and SAHPWH modelling included analysis of the systems in various locations 

across Canada and the United States in terms of energy consumption, greenhouse gas 

emissions, and economic factors such as LCC and PBP. The configuration with the best 

performance based on each of these parameters was determined for each location studied.  

4.2 System configurations analyzed 

The configurations analyzed within this study were the HPWH, and the closed loop, 

outdoor, and conditioned SAHPWHs. All configurations studied included the same 

TRNSYS subroutines. The SAHPWH configurations differed in the location from which 

inlet solar collector air was drawn and to which air was exhausted: one recirculated air in 

a closed loop between the solar collector and HPWH, the second drew air from and 
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exhausted to outdoors, and the third configuration drew air from and exhausted to a 

conditioned space. The HPWH, like the conditioned SAHPWH, drew from and exhausted 

to a conditioned space and had an impact on space conditioning that was calculated based 

on the temperature differential at the inlet and outlet of the HPWH. Whenever the HPWH 

was operating, inlet air was 20°C and outlet air was cooler so space cooling occurred. 

In the closed loop configuration, the inlet to the solar collector was the outlet to the HPWH 

and vice versa, which led to the SAHPWH system operating independently from the space 

conditioning system. Similarly, the outdoor air configuration which drew air from outside, 

heated it in the solar collector, and exhausted it to the outdoors was also independent of the 

space conditioning system. During periods of low insolation in colder climates, HPWH 

inlet temperatures in these two configurations decreased below 5°C, which is the threshold 

under which the HPWH does not operate. If water draws occurred dropping the water tank 

temperature was below 45°C and the inlet air temperature was below 5°C, the water 

recharged with the backup electric element which is in commercially available HPWHs.  

In the conditioned configuration, air was drawn from a conditioned space so HPWH inlet 

air temperatures were always at least 20°C, meaning the electric element usage was 

eliminated. The conditioned space configuration removed air from a conditioned room, 

circulated it through the solar collector to the HPWH inlet, and exhausted air to the space 

causing net heating or cooling, depending on the temperature differential between the inlet 

and exit air. During periods of high solar insolation, if the exit HPWH air temperatures to 

the room were greater than the 20°C room temperature, heating occurred in the space. If 

the HPWH exit temperatures were lower than the room temperatures, cooling occurred in 
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the space. In addition, when the HPWH was not in operation and it was the heating season, 

all solar thermal gains from the collector were used to directly heat the space.  

For the conditioned SAHPWH and the HPWH alone, the impact on space heating and 

cooling necessitated that heating and cooling seasons be defined to quantify the impacts 

and benefits due to the water heating systems. The heating and cooling seasons for the 

cities studied were defined based on ASHRAE climate zones, as shown in Figure 4.1. 

 

Figure 4.1: Climate zones and heating and cooling seasons for cities studied 
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4.3 Details of simulation modelling 

The HPWH and SAHPWH configurations studied were modelled using different TRNSYS 

projects. The projects simulated the behavior of HPWHs and several SAHPWH 

configurations across Canada and the United States. The projects were systems composed 

of multiple common subroutines and all projects followed the same solution methodology. 

4.3.1 Numerical solution methodology 

In numerical simulation, solutions describe the behavior of a system over a desired time 

period, called the simulation runtime, that may be days, months, or years. The simulation 

runtime is broken into smaller periods called timesteps. At each timestep the simulation 

solves a set of equations, which is unique to the system analysed, under initial and boundary 

conditions to obtain the solution at said timestep. The solution is calculated using software-

dependent numerical methods. Regardless of the numerical methods used, an iterative 

procedure is followed until the solution for the present timestep at the current iteration is 

sufficiently close to the solution at the previous iteration. When the solutions are close, as 

defined by the convergence criteria, convergence is said to be achieved and the simulation 

proceeds to the next timestep. If convergence is not achieved after a predefined number of 

iterations, a warning occurs before the simulation proceeds to the next timestep, and if a 

predefined number of warnings occur, an error aborts the simulation. This error indicates 

that the simulation has not converged throughout a high percentage of the simulation. 

Prior to conducting a simulation, the tolerance criteria, timestep, and iterations to warning 

and error must be determined. Two types of tolerance criteria exist: rounding errors which 

are defined in TRNSYS by the tolerance integration, and truncation errors which are errors 
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due to the numerical methods used and are defined by the tolerance convergence in 

TRNSYS. In the annual simulations conducted in this study, the tolerance integration and 

tolerance convergence were set at 0.001 and 0.01, respectively. 

To determine a timestep for this analysis, simulations were run at a range of timesteps and 

the maximum predicted solar collector outlet temperature in January for each simulation 

was recorded to illustrate variation due to different timesteps. The variation in predicted 

solar collector outlet temperature is shown in Table 4.1. To maintain a high timestep 

resolution and to match the experimental 1-minute recording frequency, 1-minute 

timesteps were chosen for the modelling. 

Table 4.1: Effect of timestep on predicted maximum solar collector temperature 

Timestep (minutes) 0.5 1 15 30 60 

Mean temperature prediction (°C)  28.311 28.314 28.243 27.929 28.008 

Variation between average prediction and 

current timestep (°C) 
0.150 0.153 0.082 -0.232 -0.153 

 

The behavior of the SAHPWH and HPWH systems through a year was used to compare 

the systems in various locations, so the simulation runtime for all simulations in this study 

was 1 year or 8760 hours. A summary of the simulation settings is shown in Table 4.2. 

Table 4.2: Simulation settings used for analysis of SAHPWH and HPWH systems 

Simulation Setting Value Used 

Tolerance integration 0.001 

Tolerance convergence 0.01 

Timestep (s) 60 

Simulation runtime (h) 0-8760 

Iterations before warning 50 

Iterations before error 5000 
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 In TRNSYS, subroutines have three different kinds of variables: parameters, inputs, and 

outputs. Parameters are constant value variables set at the beginning of the simulation. 

Inputs can either be set at a constant value like parameters or can be connected to a varying 

output from another subroutine. Outputs are the results from the solution of the equations 

associated with a subroutine. Because outputs from one subroutine are inputs of another, 

there must be a simulation order set to determine which subroutine should be solved first. 

The subroutine(s) solved first use inputs from the previous timestep, while subsequent 

subroutines use inputs that are outputs from another subroutine at the current timestep.   

4.3.2 Overview of TRNSYS component interaction 

The TRNSYS model used in this study simulated the behavior of HPWH and SAHPWHs 

using several interconnected components or subroutines or Types. Subroutines that 

modelled the solar collector, refrigeration cycle, water storage tank, and subroutines that 

read in weather files, controlled water draws, and recorded outputs were all combined to 

model full systems. An image of the project for the HPWH is shown in Appendix B. 

A Type 15 weather file reader was used to read in typical meteorological year (TMY) and 

Canadian weather year for energy calculation (CWEC) files, and outputted properties such 

as solar insolation, ambient temperature, and mains water temperature. A Type 539 flat 

plate solar collector took the insolation and ambient temperature as inputs and calculated 

resultant outlet temperatures which were given to a refrigeration cycle. In analysis that did 

not include a solar collector, the inlet HWPH air temperature was a constant 20°C. 

The refrigeration cycle had a wrap-around condenser coil to determine power consumption 

and heat rejection to the storage tank based on the inlet air conditions and an on/off control 
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signal. The HPWH storage tank, modelled using Type 534, took the heat rejection from 

the refrigeration cycle and determined the HPWH tank temperatures at each of the ten 

nodal positions. The tank temperatures were then fed back to the refrigeration cycle 

component. Based on the tank temperatures, a Type 1502 controller determined the on/off 

signal for the refrigeration cycle. When the refrigeration cycle could not maintain hot water 

temperatures, the controller turned on a Type 1226 electric element for supplemental 

heating to the storage tank. Hot water draws from the storage tank were imposed by a 

Type 1243a forcing function. During draw events, a Type 953 temperating valve 

determined the proportion of mains water and hot water required to achieve a distribution 

temperature of 55°C. The simulation data was recorded by Type 65 online plotters at each 

timestep.  

4.3.3 Solar collector modelling 

The solar collector modelling was conducted in two stages: first, as an independent unit to 

determine the outlet temperatures to use as inlet HPWH temperatures in the experimental 

setup and second, in the full SAHPWH simulations. The air-based solar collector simulated 

in this study was used to preheat the inlet air to the HPWH. As such, the outlet air of the 

solar collector was the inlet to the HPWH. Depending on the configuration of SAHPWH, 

the inlet air to the solar collector was either outdoor-temperature air, 20°C room air from 

the conditioned space, or air at the temperature of the HPWH outlet air.  

The solar collector was based on the 1.26 m2 Solar Venti SV14NS collector [53]. It was 

modelled using Type 539 with a flow rate of 320 kg/h which is the flowrate of the HPWH 
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fan during normal operation. The collector controls were set to maintain the collector 

flowrate while the collector was gaining energy and turn off when it was not. 

The solar collector used ambient temperature and insolation from a weather TMY or 

CWEC weather file in the Type 15 weather data reader. The collector tilt angle was a 

parameter in Type 15 which calculated the incident beam, sky diffuse, and ground reflected 

radiation onto the collector, all of which were inputs to the collector. The collector tilt angle 

was set at 15° greater than latitude which is optimal for winter. The tilt angle was not varied 

throughout winter as Chu [32] has shown that there is little impact of varying tilt angle. 

4.3.4 Water heating and thermal storage modelling 

The experimental HPWH had condenser coils that wrapped around the water storage tank. 

Existing TRNSYS models, however, were not available to accurately predict the 

performance of wrap-around condenser coils. To address this, Khalaf [6] developed 

Type 240, which is a refrigeration cycle for a HPWH with wrap-around condenser model 

for use within TRNSYS. Type 240 used the storage tank temperatures at each of the ten 

nodal positions, the inlet air conditions, and an on/off control signal as inputs to determine 

the heat rejection delivered to each node and the sensible and latent heat removed from the 

air. When an on signal was received, the HPWH refrigeration cycle operated, and thus 

calculated the heat rejection to the storage tank and heat transfer from the air based on the 

experimental performance map. The heat rejection calculated by Type 240 for each nodal 

tank position was the input for the corresponding nodal position of the water storage tank. 
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The water storage tank took the nodal heat rejection values from the HPWH refrigeration 

cycle and calculated the nodal temperature throughout the tank. The nodal temperatures 

were fed back to the HPWH and to a Type 1502 controller.  

The controller operated the HPWH refrigeration cycle and electric backup element 

(Type 1226) to reflect operation of the backup element in the experimental HPWH. If the 

storage tank temperature at node 3 was reduced to 5°C below the setpoint of 60°C and the 

ambient air temperature was greater than 5°C, the HPWH cycle received an ON signal to 

operate. If the storage tank temperature was reduced by 15°C below the setpoint or heating 

was called but the ambient temperatures were less than 5°C, the electric backup element 

would turn on and reject heat to node 3, the location of the upper heating element. The 

control scheme for the electric and heat pump heating systems is shown in Figure 4.2. 

 

Figure 4.2: Water heating control logic 
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In addition to the direct heat energy input into the nodal locations from the condenser coils 

and electric element, heat transfer also occurred by mixing between adjacent nodes, water 

draws, and stand-by losses to the environment at each node of the storage tank. The heat 

loss due to water draws, mixing between nodes, and heat energy input were calculated 

during simulation of the system, but the stand-by losses were determined via experiment. 

Following the procedure outlined by Cruickshank [42] and Smith [22] calculated the net 

change in energy that occurred during cool-down tests of the tank to calculate the stand-by 

environmental losses of the system. In the cool-down tests, the HPWH was charged to a 

uniform 60°C temperature and was left to cool down, while the energy balance of each 

node was analyzed over time. The energy balance of the node in the 𝑖𝑡ℎ position in the tank 

is shown in Equation (4.1). 

𝜌i𝑉i𝐶p

𝑑𝑇i

𝑑𝑡
=

(𝑘 + ∆𝑘)𝐴c,i

∆𝑥i+1→i

(𝑇i+1 − 𝑇i) +
(𝑘 + ∆𝑘)𝐴c,i

∆𝑥i−1→i

(𝑇i−1 − 𝑇i)

+ 𝑈i𝐴s,i(𝑇amb − 𝑇i) + 𝑚̇down𝐶p𝑇i−1 − 𝑚̇up𝐶p𝑇i+1

+ 𝑚̇in𝐶p𝑇in − 𝑚̇out𝐶p𝑇out + 𝑃in 

  (4.1) 

In Equation (4.1), 𝜌 is the fluid density in kg/m2, 𝑉 is the volume of the fluid with in the 

node in m3, 𝐶p is the specific heat capacity in kJ/kgK, 𝑘 is the thermal conductivity of the 

fluid in W/mK, 𝑇 is the temperature, ∆𝑥i+1→i is the distance between the centers of the 

node for which the energy balance is conducted and the node directly above, 𝐴c,i is the 

nodal cross sectional area in m2 which is the same for all nodes in a cylindrical tank, 𝐴s,i is 

the nodal outer surface area in m2, 𝑚̇ is the mass flow rate in kg/h in or out of a node, or 

up or down within the storage tank caused by temperature gradients, 𝑃in is the nodal power 
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input by the electrical element or heat pump cycle in kJ/h, and 𝑈 is the heat loss coefficient 

in W/m2K. A summary of the heat loss coefficients for each of the ten nodal positions in 

the storage tank, which are 10 cm-tall section of the storage tank, is shown in Table 4.3.  

Table 4.3: Heat loss coefficients for each storage tank node 

Node Number Heat Loss Coefficient 

(W/m2K) 

1 0.956569 

2 0.959190 

3 0.957596 

4 0.957691 

5 0.961579 

6 0.963551 

7 0.989515 

8 1.092323 

9 1.277035 

10 2.432742 

 

When water draw events occurred, water was removed from the storage tank and chilled 

mains water replaced it. The mains water temperatures used for the storage tank inlet were 

mains water temperatures from the TMY or CWEC weather files, that varied based on 

location and time of year. 

The water draw volumes in the draw profile used were set to occur at each hour at a flow 

rate of 11.5 L/min. A Type 14 forcing function was used to achieve these water draws. The 

forcing function drew water at the desired flow rate until the set volume requirement was 

met. When water was drawn from the storage tank, it was tempered to 55°C using a 

tempering valve which mixed the 60°C storage tank water with mains water to reach 55°C.  
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4.3.5 House model 

Throughout most of this study, standalone HPWHs and SAHPWHs were used and impacts 

on space heating and cooling were calculated based on assumptions about heating and 

cooling seasons and using the outlet temperatures of the HPWH. A house model was used 

for a portion of this study to determine heating and cooling seasons, and to compare trends 

from the HPWH and SAHPWH impact on heating and cooling loads between the house 

model and the assumed impacts from the standalone models.  

The house model was a two storey detached house developed by Baldwin [54] using 

TRNbuild. It had four zones: a main floor which was controlled by the thermostat at 20°C 

for heating and 23°C for cooling, a second floor, a basement, and an attic. Each floor had 

an area of 110 m2, and the total air volume was 835 m3. For air distribution, 20% of 

conditioned air went to the basement, 35% to the main floor, and 45% to the second floor. 

The second floor had a larger proportion of the conditioned air supply to account for the 

higher loads required to maintain temperatures as a result of the energy losses in the second 

floor to the attic. The house had four occupants and an air infiltration rate of 0.05 ACH. 

The windows had a U-value of 1.27 W/m2K. The thermal resistance values for the above 

and below grade walls were 4.5 m2K/W and 2.7 m2K/W, respectively.  

The impact of the HPWH or SAHPWH on the heating or cooling load was the difference 

in performance of the house model with and without the system in place. The impact of the 

HPWH or SAHPWH on the house model was compared to the assumed impact of the 

standalone HPWH or SAHPWH model on the space conditioning loads.  
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For the space conditioning impact of the standalone systems, the temperature differential 

of the room air and the outlet air of the HPWH or SAHPWH were used to calculate the 

heating or cooling load caused. If space cooling occurred during winter, it was said to 

increase the space heating load, whereas if space cooling occurred during summer, it was 

said to decrease the space cooling load.  

4.4 Parameters analyzed 

The HPWH and SAHPWH configurations were analyzed based on three main categories: 

energy consumption and reduction, greenhouse gas emissions (GHGs) reduction, and 

economics such as PBP, LCC, and possible financial incentives or subsidies. For each 

evaluation criteria, the best configuration option in each location was determined. 

4.4.1 Energy consumption and reduction methodology 

Energy consumption required to heat water for one household on an annual basis was 

calculated using TRNSYS for the HPWH and SAHPWH configurations studied. The total 

energy consumption was the sum of the electricity consumption by the compressor in the 

heat pump cycle and the electricity consumed by the electric backup element. The energy 

reduction or offset due to the HPWH or SAHPWH was calculated relative to an electric or 

natural gas water heater. The coefficient of performance of the HPWH was used, in 

addition to the compressor energy consumption and backup element consumption to 

calculate the electric or natural gas energy consumption for a water tank having similar 

physical characteristics to the HPWH. The energy consumed by the system to which the 

HPWH or SAHPWH energy consumption was compared, 𝐸system, was calculated as: 
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𝐸system =
𝐸compressor ∗ 𝐶𝑂𝑃 + 𝐸element

𝜂system
=

𝐸HPWH

𝜂system
 (4.2) 

where 𝐸compressor is the energy consumed by the heat pump compressor in kJ, 𝐶𝑂𝑃 is the 

heat pump coefficient of performance, 𝐸element is the heat input to the HPWH tank from 

the electric backup element in kJ, and 𝜂system is the efficiency of the system for which the 

energy calculation is conducted. 𝐸HPWHis the total energy consumed to heat the water in 

the storage tank, which was considered to be constant between any system studied to 

represent storage tanks with the same characteristics such as size and heat loss and to 

capture only changes to the energy consumption due to the fuel type, rather than to 

variations in size or geometry. The energy offset was taken as the difference of the energy 

consumed by the alternative system and the HPWH or SAHPWH system.  

The energy added or removed for space conditioning due to the HPWH or SAHPWH was 

also analyzed. Space cooling due to the HPWH or SAHPWH during the cooling season 

was said to decrease house space cooling loads, while space cooling during the heating 

season was said to increase the heating loads. Similarly, space heating due to the SAHPWH 

in the heating season was said to decrease space heating loads. The change in energy 

consumption for space heating and cooling caused by the HPWH or SAHPWH was 

calculated based on Equation (4.3) and (4.4), respectively. 

𝐸heating =
𝑆heating→HS − 𝑆cooling→HS

𝜂heating
 (4.3) 

𝐸cooling =
𝑆cooling→CS

𝜂cooling
 (4.4) 
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The term 𝑆, in kJ, represents the impact on space conditioning due to the HPWH or 

SAHPWH. The subscripts represent space cooling c or heating h, that occurred during the 

heating season HS or cooling season CS due to the HPWH or SAHPWH. 𝑆c→HS, for 

example, indicates space cooling during the heating season, thus energy for space heating 

increased. The heating efficiency was assumed to be 1 for electric space heating and 0.67 

for natural gas, while the cooling efficiency was assumed to be 3.5. 

4.4.2 Greenhouse gas emissions reduction methodology 

The GHG reduction was calculated by first determining the GHGs produced from each fuel 

type per unit of energy consumed, or GHG intensity, of all fuel types as a carbon dioxide 

equivalent value. The IPCC report values for GHGs by fuel type for the 50th percentile 

were used [55], as shown in Table 4.4. 

Table 4.4: Emissions intensity of electricity generation fuel sources used in Canada 

Fuel Source  GHG Intensity 

(gCO2e/kWh) 

Hydro 4 

Wind 12 

Nuclear 16 

Biomass 18 

Solar 46 

Natural Gas 469 

Oil 840 

Coal 1001 

 

With the emissions intensity for each fuel source, the breakdown of electricity generation 

by fuel source for each location studied was required to calculate the GHG intensity in each 

location. The GHG intensity of the Canadian locations are shown in Table 4.5. The GHG 

intensity values used for the American locations are provided in Appendix C. 
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Table 4.5: GHG intensity of electricity grids in Canadian locations 

Location GHG Intensity 

(gCO2e/kWh) 

Alberta  662.76 

British Columbia 22.58 

Manitoba 58.81 

New Brunswick 282.03 

Newfoundland 45.94 

Northwest Territories 490.44 

Nova Scotia 682.36 

Nunavut 840.00 

Ontario 35.57 

Prince Edward Island 20.34 

Quebec 4.46 

Saskatchewan 631.10 

Yukon 63.46 

 

The electricity generation fuel sources on an annual basis were used from the National 

Energy Board for the Canadian provinces and territories [56]. A comparison was done for 

annual electricity fuel sources and fuel source variations based on seasons and on- mid- 

and off-peak generation, as shown in Appendix D. 

To consider the GHG equivalent values of the HPWH and SAHPWH systems over their 

lifetimes, the refrigerant leakage over the lifetime was considered. Annual leakage rates 

for heat pumps typically range from 3% to 10% [57] and an average value of 6% was used 

for this study. The GHG offsets, 𝐺𝐻𝐺offset, in kgCO2e were calculated as follows: 

𝐺𝐻𝐺offset = 𝐸system ∗ 𝐼fuel + 𝐸heating ∗ 𝐼heating + 𝐸cooling ∗  𝐼electricity

− (𝐸HPWH ∗ 𝐼electricity + 𝑚r ∗ 𝐼r ∗ (1 − (1 − 𝑅)n)) 
(4.5) 

where 𝐼 is the GHG intensity of the fuel source (either electricity, natural gas, or refrigerant) 

in kgCO2e/kWh, 𝐸system is the energy consumption of the alternative water heating system 
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in kWh, 𝐸heating is the reduction in space heating, 𝐸cooling is the reduction in space cooling, 

𝑚r is the refrigerant charge in kg that the HPWH was charged with when manufactured 

and the subscript r denotes the refrigerant, 𝑅 is the leakage rate of the refrigerant from the 

HPWH, and n is the projected lifetime of the HPWH which is 15 years. 

4.4.3 Economic evaluation methodology 

Economic evaluation of the HPWH and SAHPWHs included simple PBP, LCC, breakeven 

analyses, and potential subsidies and effects of carbon pricing. Throughout this analysis, 

the electricity rates for the locations studied were required, and local currency was used for 

all analysis. The utility rates for the Canadian provinces and territories are shown in Table 

4.6. The utility rates for the American locations are provided in Appendix B. 

Table 4.6: Utility rates for Canadian provinces and territories 

Location  Electricity Rate ($/kWh) Natural Gas Rate ($/kWh) 

Alberta [58], [59] 0.068 0.0199 

British Columbia [60], [61] 0.0945 0.0320 

Manitoba [62] 0.0874 0.0406 

New Brunswick [63], [64] 0.1091 0.0827 

Newfoundland [65] 0.12 * 

Northwest Territories [66] 0.301 * 

Nova Scotia [67], [68] Off-peak: 0.08676 

On-peak: 0.15603 

0.0713 

Nunavut (Iqaluit) [69] 0.5856 * 

Ontario [70], [71] Off-peak: 0.065 

Mid-peak:0.094 

On-peak: 0.134 

0.0227 

Prince Edward Island [72] 0.1437 * 

Quebec [73], [74] 0.0608 0.0181 

Saskatchewan [75] 0.1565 0.0169 

Yukon [76] 0.1214 * 

*Natural gas not available in PEI, Newfoundland, or territories [77] 
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The natural gas rates in Table 4.6 include a carbon tax of $0.039 per cubic metre of natural 

gas [78]. The electricity and natural gas rates were used in the simulations to calculate the 

annual cost of water heating. The annual operating costs were calculated from the 

electricity cost of water heating, as well as the impact on space heating and cooling loads 

where applicable, as follows: 

𝑋HPWH = 𝑊 +  𝑐fuel,h(𝑆cooling→HS − 𝑆heating→HS) − 𝑐fuel,c(𝑆cooling→CS)   (4.6) 

where 𝑋HPWH is the annual operating cost of the HPWH or SAHPWH, 𝑊 is the electricity 

cost for water heating, 𝑐fuel is the cost of the space heating or cooling fuel per kWh, and 𝑆 

represents the impact on space conditioning due to the HPWH or SAHPWH operation 

which was described in Section 4.4.1.  

To encompass the high capital cost and low operating cost of HPWHs and SAHPWHs and 

compare against other water heating systems, the PBP and LCC calculations were used. 

The following formulae for the economic analysis are shown for HPWHs but are applicable 

to SAHPWHs as well. The PBP formula used was: 

𝑃𝐵𝑃 =  
𝐶HPWH − 𝐶system

(𝑋system + 𝑀system) − (𝑋HPWH + 𝑀HPWH)
   (4.7) 

where 𝐶 is the capital cost of the HPWH or system, 𝑀 is the annual maintenance costs, and 

𝑋 is the annual operating cost of the HPWH or other water heating system. The capital, 

maintenance, and installation costs used for the water heating systems are shown in Table 

4.7.  An exchange rate of 1.33 CAD per USD [79] and an inflation rate of 2% [80] were 

used. 

 



67 

 

Table 4.7: Capital and installation costs of water heating systems 

 HPWH SAHPWH Electric water 

heater 

Natural gas 

water heater 

Capital Cost  

(CAD) [19] 
1714.52 3673.18 [81] 415.06  660.00 

Installation Cost 

(CAD) [19] 
607.05 920.00 [81] 421.90 694.67 

Annual Maintenance 

Cost (CAD) [19] 
23.33 57.62 16.50 16.70 

 

The capital, installation, and maintenance costs were also used to calculate the LCC [19] 

which is the sum of all costs throughout the lifetime of a system, as shown in 

Equation (4.8). 

𝐿𝐶𝐶 =  𝐶 + 𝑋PV + 𝑀PV   (4.8) 

In the LCC calculation, 𝑋PV and 𝑀PV are the present value of the annual operation and 

annual maintenance costs throughout the lifetime of the system. The present value of each 

annuity was calculated as shown for the operating cost, but the same formula applies to the 

maintenance costs: 

𝑋PV = 𝑋 ∗
1 − (

1
1 + 𝑟)n

𝑟
   (4.9) 

where 𝑟 is the percent interest rate and n is the lifetime in years. The interest rate was based 

on the discount rate 𝑑 and the 2% inflation rate 𝑖 [82] as shown in Equation (4.10). The 

DOE discount rate of 3% was used [83] with sensitivity at the recommended Canadian 

interest rate of 8% [84]. 

𝑟 = (1 + 𝑑) ∗ (1 + 𝑖) − 1   (4.10) 
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A variation of the LCC calculation was also used to compare the LCC of an alternative 

system such as an electric or natural gas water heater to the HPWH using a cost breakeven 

calculation [19]. The breakeven cost analysis was used to calculate the capital cost 

requirement for a HPWH that results in the HPWH having the same LCC as an alternative 

system. If the breakeven cost calculated, 𝐶BE,HPWH, was less than the actual HPWH capital 

cost, then the capital cost of the HPWH must decrease to be economically preferred. 

Alternatively, if the calculated breakeven cost was greater than the actual HPWH capital 

cost, the HPWH was currently economically preferred. The breakeven HPWH capital cost 

was calculated as: 

𝐶BE,HPWH = 𝐶system + (𝑀PV,system − 𝑀PV,HPWH) + (𝑋PV,system

− 𝑋PV,HPWH) 

  (4.11) 

where the subscripts denote the systems in comparison and the present value for the annual 

maintenance and operating costs. The breakeven cost was used to determine if a new 

system such as a HPWH was presently an economically viable option to replace another 

system such as an electric or natural gas water with. In addition, if uptake of the more 

expensive system was desired, a financial government subsidy could be introduced for the 

difference in the calculated breakeven cost and the actual capital cost to increase uptake. 

The subsidy, 𝐹, for a HPWH was calculated from Equation (4.12). 

𝐹 = 𝐶HPWH − 𝐶BE,HPWH   (4.12) 

The required subsidies when transitioning either from natural gas or electric water heating 

to HPWH were calculated for each location studied.  
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The effect of carbon pricing was also considered in the breakeven and subsidy calculations 

to determine the impact of a potential carbon price, 𝐶𝑃, on the economic feasibility of 

switching from an electric or natural gas water heater to a HPWH or SAHPWH. If the 

HPWH results in a GHG offset, the carbon price increases the cost associated with an 

alternative system thus making the HPWH more feasible. The adjusted breakeven cost 

associated with the HPWH when carbon pricing is considered is shown in Equation (4.13). 

For this analysis a carbon price of $50 per metric ton of carbon dioxide equivalent was 

analyzed [85]. The subsidy calculation was also adjusted using the breakeven cost with 

carbon pricing to determine the impact on the required subsidy for a HPWH.  

𝐶BE,HPWH,CP = 𝐶BE,HPWH + 𝐺𝐻𝐺offset ∗ 𝐶𝑃   (4.13) 

In addition to the calculations and values indicated within this section, sensitivity analysis 

was conducted to determine the impacts of the assumed inflation, discount rate, lifetime, 

capital costs, air conditioning COP, space heating efficiency and fuel, and carbon tax value. 

The calculations were conducted for each location studied and the sensitivity analysis was 

conducted for a location in each climate zone. 

4.5 Limitations and assumptions 

The simulation analysis was subjected to a number of assumptions throughout the process. 

For the HPWH itself, the assumptions of uniform temperature of each node of a storage 

tank and one-dimensional heat transfer were made, both of which are common assumptions 

in modelling of domestic hot water storage tanks. Additionally, it was assumed that there 

was no air pressure difference over the HPWH. In reality, a small pressure difference would 

occur but it was deemed negligible in this analysis.  
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When comparing the commercially available HPWH to alternative water heating systems, 

commercially available alternatives were not analyzed. Rather, it was assumed that the 

alternative systems would have the same characteristics as the HPWH, and as such, the 

COP and energy consumption of the HPWH were used to calculate the energy consumption 

of the alternatives. Although commercially available water heating alternatives would have 

different properties such as geometry, heat losses, and heating techniques, these differences 

were not considered in this analysis. Neglecting the differences allowed the HWPH to be 

compared to systems with storage tank characteristics that were as similar as possible to 

the HPWH tank itself, thus the analysis only considered variations due to fuel type and not 

due to variations in geometry or other parameters. 

The heating and cooling seasons were verified by the house model for each climate zone, 

but it was assumed for the standalone HPWH and SAHPWH analyses that the heating and 

cooling seasons did not overlap, despite that there may be both heating and cooling during 

a single month, in reality. Distinct heating and cooling months were used in this analysis 

because overlapping the conditioning seasons would misrepresent the increases and 

decreases in space conditioning loads due to the HPWH and SAHPWH. For example, with 

the SAHPWH in the winter, the solar collector provided space heating benefits and in the 

summer the system provided cooling benefits. Thus, if the heating and cooling seasons 

overlapped for a few weeks or a month, dual benefits would be counted for that duration, 

so the annual benefits would be overstated. As such, distinct heating and cooling seasons 

were used in this analysis.  
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When comparing the HPWH and SAHPWH in the house model and standalone models, 

the same single detached house with the same insulation was used regardless of the climate 

zone studied. In reality, houses in warm climate zones typically require less insulation than 

those in cold climate zones, but this was not captured within this study. However, because 

only the difference in energy consumption due to the HPWH or SAHPWH was analyzed 

within this project rather than the full space conditioning loads, varying the insulation for 

each climate zone was likely to have little to no impact on the results from this study. 

In the GHG analysis, the GHG emissions were assumed on an annual basis rather than an 

hourly basis varying with on- and off-peak hours or with heating and cooling seasons. 

Although there is some variation, in GHG intensity, the variance due to the HPWH or 

SAHPWH was small and was neglected. 

It was assumed that there were no heat losses in the ducts connecting the solar collector to 

the HPWH. The temperature to which the air was heated in the solar collector was assumed 

to be the same temperature as the inlet temperature to the HPWH. In reality, the solar 

collector would be on a roof and the HPWH is often located in a basement, so there would 

be heat losses in the large physical distance between the two components. 

In the cost analysis of the solar collector, it was assumed that the system was a regular 

contract installation rather than a single system [81]. As such, the assumption was made 

that the contractor installing the solar collector and duct work would have access to the 

required materials and would be familiar with the installation procedure, allowing them to 

be priced at a cheaper cost than a one-time system installation.  
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4.6 Summary of the modelling approach 

This chapter provided the modelling methodology used within the simulations and a 

description of the TRNSYS subroutines used within the simulations. In addition, the 

calculation methodology used for the energy, GHG, and economic analyses were 

discussed. The modelling methodology and simulation techniques described in this chapter 

were used throughout this study for detailed modelling of the various configurations of 

SAHPWH across Canada and the United States. 
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Chapter 5:  Results 

The results obtained through this research include the experimental model validation and 

all simulations for which the validated model was used. The simulations included a 

comparison of the HPWH and SAHPWH systems in a house model and as standalone 

systems with assumptions about the space conditioning impacts, and the results of the 

energy analysis, GHG reductions, and economic analysis. The trends for all climate zones 

are provided in this chapter. The results are shown for sample locations within each climate 

zone; the purpose of this is to show trends caused by variation in climate. There may, 

however, be slightly different trends for different locations within each climate zone, 

depending on the electricity generation sources and prices in each location. The sample 

locations used for this study are shown in Table 5.1. 

Table 5.1: City used to illustrate trends between climate zones 

Climate Zone Sample City Local Currency 

1 Miami, FL USD 

2 Phoenix, AZ USD 

3 Dallas, TX USD 

4 Nashville, TN USD 

5 Chicago, IL USD 

6 Toronto, ON CAD 

7 Winnipeg, MB CAD 

8 Whitehorse, YK CAD 

 

5.1 Experimental validation 

The experimental validation was done by comparing the experimental results to 

simulations under the same inlet conditions. A solar thermal collector was simulated using 

TRNSYS and the output temperatures for the solar collector were the inlet experimental 

conditions used in the AHU. In the experimental setup, there was some variation between 
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the setpoint inlet HPWH air temperature and mains water temperature conditions. The 

actual temperatures, draw volumes, and humidity values that occurred in the experimental 

test were recorded and used as inputs for the simulation. The HPWH model and the 

experimental HPWH were run using these same conditions to compare performance.  

The HPWH model was validated in [6], so the validation process in this study was 

conducted to analyze the performance under the lower air and water temperature 

capabilities of the experimental system that were added in this study. The experimental 

apparatus was run using inlet air and mains water temperature conditions representative of 

an average day in January, and the simulated HPWH model was run under the same input 

conditions. The hourly draw volumes and inlet HPWH temperatures throughout the test are 

shown in Figure 3.8. A comparison of the storage tank temperature and compressor power 

for the experimental and modelled systems over a single day test is shown in Figure 5.1.  

 

Figure 5.1: Comparison of experimental and simulated results 
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The offset in experimental and simulated power near the test time of 6 hours was caused 

by water mixing in the experimental storage tank, which did not occur in the simulations, 

due to the inlet water flow rate of 11.5 L/min. When nodal mixing with cold mains water 

occurred, experimental tank temperatures at nodes near the condenser coils decreased 

below that of the simulated tank temperatures in which mixing did not occur. The decrease 

in experimental temperatures reduced compressor power and caused charging over a 

greater time than the simulated system which had higher temperatures in most bottom tank 

nodes and therefore higher compressor power. Despite the offset, however, the total 

compressor energy consumption deviated by only 3.71% through the day long test. 

The mean average error (MAE) was used to compare the simulated and experimental 

datasets. The MAE is the average difference between the experimental and simulated result 

at each timestep over the duration of the test. The MAE between the simulated and 

experimental results was 8.1 W for the compressor power and 0.40°C for tank temperature 

over the day-long draw test. The coefficient of performance was also calculated based on 

the experimental and simulated results to have a MAE of 0.042.  

The heat rejection and compressor power for the day-long test are shown in Table 5.2. In 

the full day-long test, the experimental and simulated compressor power and heat rejection 

had a difference of 3.7% and 2.0%, respectively. A summary of the results obtained using 

the model and experimental setup is shown in Table 5.2. The differences between the 

simulated and experimental results were within the range of experimental error, so the 

model provided a sufficient degree of accuracy for comparison of results for various 

locations and configurations in annual simulations.  
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Table 5.2: Heat rejection and compressor power in day-long tests 

 Model  Experimental  Difference  Percent Difference  

Heat Rejection (kWh) 10.01 10.21 0.20 1.96% 

Compressor Energy (kWh) 3.47 3.60 0.13 3.71% 

COP 2.88 2.83 0.05 1.79% 

 

5.2 Energy performance of configurations analyzed 

The energy performance of the HPWH included the energy required to heat water and the 

energy impact of the HPWH on the space conditioning system. The energy required to heat 

the water was dependent upon the air temperatures, water temperatures, and water draw 

volumes, while the energy impact on space conditioning was dependent upon outlet air 

temperatures, and space conditioning seasons. 

5.2.1 Energy for water heating 

The energy consumed for water heating varied based on the location, configuration, and 

draw profile, which defined the solar insolation, air temperatures, water temperatures, and 

draw volumes used. The impacts of the parameters were analyzed in various tests with 

different constant air inlet temperatures, different draw profiles, and different locations 

with different configurations. 

A simulation was run with 30°C, 20°C, and 10°C inlet air temperatures to the HPWH to 

quantify the impact of varying air temperatures on the energy consumed by the compressor 

and the heat rejection. The results are shown in Table 5.3. 
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Table 5.3: HPWH energy consumption and heat rejection with inlet air temperature 

 Inlet Air Temperature (°C) 

10 20 30 

Compressor Energy (kWh) 4.76 4.20 3.66 

Heat Rejection (kWh) 8.86 8.89 8.92 

COP 1.86 2.12 2.44 

 

When all other parameters were maintained constant in a day-long test and the air 

temperature varied from 10°C to 30°C, there was a 23% decrease in compressor energy 

consumption, less than a 1% increase in heat rejection, and a 31% increase in COP. At 

lower temperatures, the compressor consumed more energy to provide nearly the same 

amount of heating, thus reducing the COP. At the same mains water temperature 

conditions, the same heat rejection must be delivered to heat the water, causing the heat 

rejection to be maintained relatively constant. Although the mains water temperatures were 

constant within this test, they were greater than those in the validation test day shown in 

Table 5.2, which caused a greater compressor power and lower heat rejection in this test 

than the validation test.  

The effect of different inlet air temperatures can be seen in a comparison of the annual 

electricity consumption between the HPWH and the conditioned space, closed loop, and 

outdoor air SAHPWHs in Figure 5.2. Various tank volumes and daily draw volumes were 

examined to illustrate trends caused by variations in system design and performance. In 

this analysis, all input parameters were maintained constant, except the daily draw or tank 

volumes studied. Annual electricity trends in Ottawa, which are representative of major 
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cities across Canada, and Dallas, which are representative of the southern United States are 

shown in Figure 5.2. 

 

Figure 5.2: Variation in annual electricity consumption with daily draw volume, tank size, and 

configuration in Ottawa, Ontario (left), and Dallas, Texas (right) 

In Ottawa, the conditioned configuration had lowest electricity consumption in most cases, 

because relatively low winter air temperatures and insolation levels limited the 

performance of the outdoor and closed loop configurations. In the conditioned 

configuration, inlet HPWH air temperatures were at least 20°C, whereas the closed loop 

and outdoor configurations inlet temperatures were below 5°C during periods of low 

insolation and temperature. Below 5°C inlet air temperatures, which were common in the 

closed loop and outdoor air configurations in Ottawa, an electric backup element heated 

the water, significantly increasing electricity consumption. The outdoor configuration had 

a high proportion of time during which the electric element operated and thus often had 

greatest annual electricity consumption. The closed loop configuration only had the least 

electricity consumption in Ottawa when the storage tank size was relatively large compared 

to the daily draw volume. This is because at larger tank volumes with relatively small 

draws, less variation in tank temperature occurred, limiting the fraction of time the tank 
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temperature was below 45°C and thus the time electric backup element operated for the 

closed loop configuration, therefore reducing overall electricity consumption. Further, the 

electric element only turned on below 45°C, and if air temperatures were below 5°C, the 

HPWH would not operate, thus the tank temperature was significantly lower for the closed 

loop case than the HPWH or conditioned cases leading to lower electricity consumption. 

For all configurations in both locations, electricity consumption increased for larger tank 

sizes that were oversized for the draw volume, due to two main factors: greater losses from 

the tank occur at larger tank volumes, and more energy was consumed to heat water at 

higher temperatures, which occurred for a larger portion of time with larger tank sizes. This 

indicated the importance of properly sizing storage tanks to hot water demand in reduction 

of electricity. Although the closed loop configuration had lower electricity consumption in 

larger tank volume cases, it would be impractical to design a system with these 

characteristics.  

In Dallas, ambient temperatures and solar insolation were high so there was more time 

during which the inlet temperatures to the HPWH were above 5°C in closed loop and 

outdoor configurations, meaning the SAHPWHs could operate without the electric backup 

element for significantly more time throughout the year. As such, there was little variation 

in electricity consumption between the three SAHPWH configurations in Dallas. The slight 

variations in annual electricity consumption can be partially attributed to differences in the 

inlet temperatures of the HPWH air, because greater inlet temperatures improve HPWH 

performance. The closed loop and outdoor configurations had higher inlet temperatures 

than the conditioned configuration for a larger portion of the year, which lead to lower 
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electricity consumption. In addition, the overall electricity consumption for all 

configurations including the HPWH-only scenario was lower in the southern United States 

than Canada due to warmer mains water temperatures.  

Mains water temperatures were found to significantly impact water heating energy 

consumption across the climate zones. The sample cities in each climate zone were used to 

illustrate the trends in annual energy consumption for the various water heating methods. 

The annual electricity consumption with the SAHPWHs, HPWH, EWH, and NGWH are 

shown in Figure 5.3. 

 

Figure 5.3: Energy consumption with various water heating methods 
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during periods of sufficient insolation, the conditioned SAHPWH had slightly lower 

electricity consumption than the HPWH which had constant 20°C inlet air temperatures.  

A larger variation occurred between the outdoor and closed loop SAHPWH configurations 

and the HPWH due to the variation in outdoor temperatures among the climate zones. In 

climate zones 1 through 4, temperatures were warmer than 20°C during a significant 

portion of the year, and the solar collector increased temperatures further to reduce 

electricity consumption compared to the HPWH or conditioned SAHPWH. In colder 

climate zones such as 5 through 8, ambient temperatures were often sub-zero so the solar 

collector was insufficient to heat the air above the operating limit of 5°C in some cases, 

and the outdoor and closed loop SAHPWHs relied heavily on the backup electric element.  

The electricity offsets between the EWH and the SAHPWH and HPWH configurations 

were also quantified to determine the savings realizable when transitioning to a new 

system. The greatest electricity offsets occurred for configurations that consumed the least 

energy in the chart shown in Figure 5.3. The offsets for all locations and configurations are 

shown in Figure 5.4. It was found that despite usage of the electric element in some cases, 

colder climate zones achieved higher electricity offsets due to the greater absolute 

electricity savings realized when transitioning to the more efficient HPWH from the EWH. 
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Figure 5.4: Electricity offsets realizable from an EWH to HPWH and SAHPWHs 

The electricity consumption shown in Figure 5.2 through Figure 5.4 is for water heating 

alone and does not account for the energy impacts on space heating of the systems. Because 

the HPWH and conditioned SAHPWH systems both have an impact on the space 

conditioning of the system, the impact must be quantified to determine the benefits and 
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heating load increase that occurred as a result of the HPWH and thus allow the electricity 

0

500

1000

1500

2000

2500

3000

3500

Zone1 Zone2 Zone3 Zone4 Zone5 Zone6 Zone7 Zone8

A
n

n
u

a
l 
E

le
c
tr

ic
it

y
 O

ff
s
e
t 

(k
W

h
)

Conditioned Outdoor

HPWH Closed Loop



83 

 

savings for water heating to be realized. The space heating load increase due to the HPWH 

and space heating decrease due to the conditioned SAHPWH are shown in Figure 5.5. 

 

Figure 5.5: Cooling by HPWH (left) and heating by conditioned SAHPWH (right) during winter in 

Canadian cities 

The main challenge of HPWH only systems in cold climates is secondary space cooling 

which increases space heating throughout winter and decreases room air temperatures. The 

HPWH increased space heating loads by 207 to 244 kWh per month throughout winter in 

various Canadian cities. The slight variation in HPWH space cooling among the Canadian 

cities was the result of variations in the mains water temperature which caused the HPWH 

to operate for different total durations in each of the cities. Cities with cooler mains water 

temperatures such as Winnipeg required a greater amount of HPWH operating time to heat 

the water, during which time additional space cooling occurred. The conditioned space 

configuration of SAHPWH had net heating for the space throughout winter in the Canadian 

cities, as opposed to the HPWH alone which had significant space cooling. When the 

HPWH was coupled with a solar collector in conditioned configuration, the cooling was 

fully offset and about 20 to 54 kWh per month of additional heat was provided to the space 

in locations across Canada thus reducing monthly space heating loads.  
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The impact of the HPWH and conditioned SAHPWH configurations on the annual heating 

and cooling loads across the climate zones were also quantified. If space cooling due to the 

HPWH or SAHPWH occurred during the cooling season, there was a space cooling 

decrease, whereas if space cooling occurred due to one of the systems during the heating 

season, there was a space heating increase. The impact of the systems on the space 

conditioning loads for all climate zones is shown in Figure 5.6. 

 

Figure 5.6: Impact of HPWH (left) and conditioned SAHPWH (right) on annual space conditioning 

loads 

As Figure 5.6 shows, adding the solar collector in conditioned configuration nearly 

eliminated the annual space heating increase in all climate zones. A 2 to 32 kWh space 

heating increase remained in all climate zones with the solar collector, but this space 

heating increase was relatively insignificant compared to the space heating increase of 177 

to 2394 kWh that occurred due to the HPWH alone.  

The space heating increase did not reach zero for the SAHPWH because although most of 

the water tank charging time occurred during the day, the SAHPWH occasionally operated 

during periods of low solar insolation, such as evenings or cloudy days. During periods of 
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low solar insolation, the energy gain by the air inside the solar collector was lower than the 

energy removed by the HPWH, thus causing space cooling.  

There was a variation in conditioning load increases and decreases between the climate 

zones that was largely caused by the heating and cooling seasons. Locations such as climate 

zone 1 and 2 with long cooling seasons realized the greatest space cooling benefits, whereas 

locations such as zone 8 with the longest heating season realized the greatest space heating 

benefits from the SAHPWH. Although there was little change in the conditioning load 

impact with the HPWH and conditioned SAHPWH in warm climate zones, there was 

significant impact of adding the solar collector in cold climate zones. In colder climates 

which had a considerable space heating increase with the HPWH, the effect of the solar 

collector was significant in reducing the space cooling caused by HPWHs during the long 

heating season, while also decreasing the heating load.  

5.2.3 Total energy impact of systems 

The total energy impact of the HPWH and SAHPWH configurations was analyzed to 

determine the net effect of the systems. The results showing the net energy balance for the 

HPWH and conditioned SAHPWH systems are provided in Figure 5.7. 
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Figure 5.7: Energy balance for HPWH (left) and conditioned SAHPWH (right)  

Although there was significant negative space cooling in the colder climate zones with the 

HPWH, even zone 8 still had a net amount of energy supplied, thus meaning that the 

HPWH reduced net energy consumption regardless of climate zone. However, Figure 5.7 

shows that the net useful energy supply was greater in all climate zones for the SAHPWH 

than the HPWH. This is because the solar collector had the triple benefit of reducing the 

electricity for water heating due to higher inlet air temperatures, reducing annual space 

heating increase due to the HPWH to near zero, while also providing space heating to 

reduce the space heating load during winter.  

The zone with the maximum energy supplied shifted from zone 3 for the HPWH to zone 4 

when the solar collector was added. In the HPWH case, zone 3 had the maximum energy 

supplied due to a balance of the slightly colder mains water temperatures than zones 1 and 

2 and the relatively long cooling season which increased cooling benefits beyond those 

realized in zones 5 through 8. Zones with colder mains water temperatures required more 

energy to heat the water, meaning that the compressor was on for longer durations and 

there was additional space cooling. In zone 3, mains water temperatures were slightly 
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cooler than those in zones 1 or 2, and thus zone 3 realized additional space cooling benefits 

for a smaller increase in compressor power.  

For the SAHPWH, zone 4 had the maximum energy supplied because the solar collector 

nearly eliminated the space heating increase, while the slightly colder mains water 

temperatures than zones 1 through 3 increased the energy required for water heating, as 

well as the useful space cooling. Zone 4 also has higher insolation than some of the colder-

temperature zones, which resulted in additional space heating benefits due to the solar 

collector. For conditioned SAHPWH, maximum energy supply occurred in locations which 

have an optimal balance of low mains water temperatures and high solar insolation levels. 

5.2.4 Analysis with house model 

The HPWH and conditioned SAHPWH were analyzed within a house model to determine 

the heating and cooling seasons used for the standalone model and to compare trends 

between the system performance in the house and standalone models. The closed loop and 

outdoor configurations were not analyzed within the house model because they were 

designed to be independent of the space conditioning loads.  

In the house model, the impact of the HPWH on the space conditioning was the difference 

of the performance with and without the HPWH. In the standalone models, as discussed in 

Chapter 4, the impact on space conditioning was calculated based on the season and the 

temperature differential of the air entering and exiting the HPWH. The impacts on the 

heating and cooling loads in the house model and standalone model were compared for the 

HPWH in Figure 5.8 and the SAHPWH in Figure 5.9. 
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Figure 5.8: Impact of HPWH in decreasing cooling load (left) and increasing heating load (right) 

 

 

Figure 5.9: Impact of SAHPWH in decreasing cooling load (left) and decreasing heating load (right) 

For the HPWH, there was a 14% average difference in cooling decrease between the house 

model and the standalone model, and there was a 21% average difference in the impact on 

heating load between the house model and standalone model. The SAHPWH had similar 

results; there was a 14% average difference in cooling decrease between the models, and a 

23% average difference on the heating decrease between the models. When these 

differences between the house and standalone models were considered as a proportion of 

the total heating and cooling load consumed annually, it was found that there would be less 

than a 2% variation in annual heating or cooling load if one modelling method was used 
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instead of another. This means that the disagreement between the house model and 

standalone model had an impact of less than 2% annually on either conditioning load.  

Variations between models such as what was observed in this study are common when 

using different modelling techniques. For example, changing assumptions for modelling 

methods and parameters such as air infiltration, ground contact, thermal bridging, ambient 

temperatures, and ground reflected radiation have been shown to have a significant impact 

on the heat loads of a house model [86], and differences caused by these highly sensitive 

parameters may be greater than the variations observed between the house model and 

standalone model in this study.  

The slight disagreement in the house model and standalone models was caused by a few 

factors. Firstly, the air temperature range in the house model was set to be 20°C for heating 

and 23°C for cooling, and had some fluctuation outside of the setpoint range, whereas the 

air temperature for the standalone model was assumed to be at a constant 20°C. At higher 

air temperatures, the HPWH caused a greater amount of space cooling based on the 

performance map that was developed. These high temperatures occurred for a larger 

portion of time in warm climate zones 1 to 4 with long cooling seasons, thus causing the 

house model to predict slightly higher decreases in cooling load than the standalone model 

which did not account for variation in air temperatures, as shown in Figure 5.8 and Figure 

5.9. The house model predicted a lower decrease in cooling load for cooler climate zones 

5 to 8 for the opposite reason; lower air temperatures within the house model resulted in 

the HPWH providing a lower amount of space cooling than the standalone model. Another 

factor that was not captured in the standalone model was the increase or decrease in heat 
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transfer to or from outdoors due to changes in air temperature. For greater temperature 

differences, greater heat transfer would occur thus increasing the result predicted by the 

house model, in which air temperatures fluctuate.  

The impact of the HPWH and SAHPWH in the house and standalone models on the annual 

space conditioning loads was also analyzed. A summary of the impacts of the SAHPWH 

and HPWH on space heating and cooling loads is shown in Table 5.4. 

Table 5.4: Space conditioning changes due to SAHPWH and HPWH operation 

 

Base Conditioning 

Loads (MWh) 

Percent of total space 

conditioning by SAHPWH 

Percent of total space 

conditioning by HPWH 

Cooling Heating 
Cooling 

Decrease 

Heating 

Decrease 

Cooling 

Decrease 

Heating 

Increase 

Zone1 25.77 0.33 7% 27% 7% 53% 

Zone2 23.01 1.14 8% 9% 7% 17% 

Zone3 20.16 4.71 9% 3% 9% 9% 

Zone4 14.77 6.81 10% 3% 12% 13% 

Zone5 9.51 11.69 15% 1% 15% 10% 

Zone6 9.80 13.56 13% 2% 13% 10% 

Zone7 9.19 20.31 12% 2% 12% 8% 

Zone8 4.52 24.32 10% 2% 11% 10% 

 

It was found that the HPWH provided 7% to 15% of the total space cooling load throughout 

the climate zones, and increased the space heating load by 8% to 17% (excluding zone 1 

which had only a 0.33 MWh space heating load and saw a space heating increase of 53% 

due to the small base heating load). For the SAHPWH, between 7% and 15% of the total 

space cooling load was supplied (the same as the HPWH). A 1 to 3% reduction in space 

heating loads occurred with the SAHPWH, with the exception of zones 1 and 2 which have 
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small base heating loads so the SAHPWH was therefore able to provide 27% and 9% of 

the space heating load, respectively. 

The temperatures within the house were also analyzed to determine the impact the HPWH 

and SAHPWH have on maintaining comfortable temperatures with the house model. The 

temperatures in the house model with and without the HPWH and SAHPWH systems were 

compared. Because the HPWH had a cooling effect on the space, the temperatures of the 

house shifted to lower temperatures throughout the study. It was found that the HPWH 

caused a 4.1% increase in time throughout the year that temperatures were below 19°C and 

a 0.9% decrease in time that temperatures were greater than 25°C. With the SAHPWH, 

there was a 2.2% increase in time that temperatures were less than 19°C and a 0.2% 

increase in time that the temperatures were greater than 25°C compared to the house model 

without any HPWH or SAHPWH. The SAHPWH was successful in reducing the duration 

of lower temperatures that occurred with the HPWH and was able to half the amount of 

time that the temperatures were below 19°C from the HPWH model. However, it should 

be noted that the SAHPWH decreased the time that the house was within the 19°C to 25°C 

comfortable range by 210 hours throughout the year. 

Both the house model and the standalone model provided results regarding the performance 

of HPWH and SAHPWH systems in various climates. Both modelling methods were based 

on different sets of assumptions, yet the models yielded agreement within 2% of the annual 

space conditioning loads. Given the inherent assumptions with both the house model and 

the standalone model, as well as the low difference in space conditioning impact between 

the models, the standalone HPWH model was used for the other analyses. Further, 
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analyzing the HPWH and conditioned SAHPWH without the house model ridded the 

analysis of the house model assumptions and prevented additional variations in compressor 

power, heat delivery, and space conditioning. This allowed for clearer comparison of trends 

caused by the closed loop, outdoor, and conditioned SAHPWHs that all encompassed the 

assumptions of the standalone model, without adding the assumptions on space 

conditioning loads that were imposed by the house model in the conditioned configuration.  

5.3 Greenhouse gas emissions of configurations analyzed 

The GHG analysis was conducted to determine the GHG offsets possible for a HPWH and 

SAHPWH offsetting an EWH or a NGWH with either electric or natural gas space heating. 

This analysis included GHGs due to the natural gas consumption for space and water 

heating, the HPWH refrigerant leakage, as well as GHGs due to electricity generation. 

Figure 5.10 and Figure 5.11 show the annual GHG reduction possible, excluding 

refrigerant leakage, as a function of the GHG intensity of the electricity grid when 

transitioning to a HPWH and a SAHPWH, respectively, from a certain alternative water 

heater (EWH or NGWH) with a certain space heating method (electric, natural gas, or 

none). Because the HPWH always had an impact on the space heating loads, there was not 

a “none” space heating option included, whereas the closed loop and outdoor SAHPWH 

configurations had no impact on space heating loads and a “none” option was possible.  
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Figure 5.10: GHG offsets for HPWH compared to EWH and NGWH with electric and natural gas 

heating systems 

Figure 5.10 shows the GHG reductions possible for various scenarios when transitioning 

to a HPWH. It shows that the GHG reduction values were more sensitive to the water 

heating alternative than to the space heating system because there was a greater difference 

in GHG offsets between EWH and NGWH for one single space heating system than there 

was between the electric and natural gas space heating systems for one single water heating 

alternative.  

It was found that GHG offsets from EWH to HPWH increased with grid GHG intensity, 

whereas GHG offsets from NGWH to HPWH decreased with grid GHG intensity. This is 

because HPWHs in cleaner electricity grids nearly eliminate GHG emissions compared to 

NGWHs, whereas electricity grids that are highly reliant on fossil fuels still produce 
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significant GHGs with a HPWH. Similarly, EWHs in cleaner electricity grids already 

produced very little GHGs so switching to a HPWH had a low GHG offset. 

In zone 6 and 7, which have cleaner electricity grids than the other locations, the transition 

from EWH to HPWH did not have a significant impact on reducing the GHG emissions 

because very little GHGs were produced with the EWH. Further, due to the low GHG 

reductions between the EWH and the HPWH coupled with the high space heating increase 

with the HPWH in zones 6 and 7, there was a net increase in GHG emissions when using 

natural gas for space heating in these locations. Other locations within zones 6 and 7 with 

fossil fuel dominant electricity generation would result in a net GHG reduction for all cases, 

rather than the result observed in Figure 5.10. 

The greatest GHG reductions were realized when transitioning from a NGWH to a HPWH 

regardless of the space heating system used. In all climate zones studied, the greatest GHG 

reductions occurred for the NGWH with electric heat case. This is because the HPWH 

increased space heating loads, so cleaner space heating systems resulted in greater GHG 

reduction because less GHGs were released for this supplemental space heating. Locations 

with electricity grids that were cleaner than natural gas produced less GHG emissions for 

electric space heating than natural gas space heating, thus creating a larger total offset.  

The trend for the HPWH case was that there were, in general, greater GHG reductions for 

colder climate zones. The significant amount of additional space heating required 

throughout the year in zone 8, however, prevented zone 8 from realizing the greatest GHG 

reductions. The results in Figure 5.10, particularly for climate zones 6, 7, and 8 indicate 

that there may be a method to increase the GHG reductions of HPWHs further if space 
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heating increases did not occur. The GHG offsets for SAHPWHs, which mitigated this 

issue are shown in Figure 5.11. The results for the electric and natural gas space heating 

systems are for the conditioned SAHPWH, which was the only SAHPWH with an impact 

on space conditioning. The results shown that had no heat impact are the closed loop 

configuration, which was independent of space heating and had similar trends to the 

outdoor configuration. 

 

Figure 5.11: GHG offsets for SAHPWH compared to EWH and NGWH with electric and natural gas 

heating systems 

The GHG offsets from EWH to SAHPWH increased with grid GHG intensity, whereas 

GHG offsets from NGWH to SAHPWH decreased with grid GHG intensity, similar to the 

results shown for HPWHs. The GHG reduction that occurred from an EWH to a SAHWPH 

was related to the GHGs released for electricity generation; cleaner grids like Ontario in 

zone 6 and Manitoba in zone 7 had less GHG reductions because the water heating source 
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was relatively clean with the EWH. In contrast, grids that were largely dominated by 

natural gas, such as zone 8, had larger GHG reductions between EWHs and HPWHs 

because the amount of greenhouse gas emitting electricity was significantly reduced. 

For any given water heating alternative and space heating system, the relationship between 

electricity makeup and GHG offsets appeared nearly linear. The variation from a linear 

relationship was caused by two main factors: energy required for water heating in each 

zone was not the same (there was variation in mains water temperatures between zones) 

and space heating and cooling seasons were different for all zones (there were different 

amounts of space heating and cooling offsets).  

The trends show that the SAHPWH caused a net space heating decrease because there was 

a slightly greater GHG reduction for the cases with natural gas heat than electric or no heat 

impact. Because the SAHPWH provided some space heating reduction and the natural gas 

for space heating was reduced, the GHGs were also reduced. This result shows that the 

SAHPWH with no heat impact, the closed loop (or outdoor) configurations, had less GHG 

reductions than the conditioned SAHPWH which had an impact on space heating loads. 

When comparing the results for the HPWH and SAHPWH in Figure 5.10 and Figure 5.11, 

it can be seen that the SAHPWH has potential to offset more GHGs than the HPWH. In 

addition, the HPWH was more sensitive to the space heating method than the SAHPWH. 

That is, there was more variation in GHG reductions for different space heating methods 

and water heating alternatives for the HPWH than the SAHPWH because the HPWH had 

a greater impact on space conditioning loads. Although the SAHPWH did have an impact, 

it was much less than the HPWH. 
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5.4 Economic performance of configurations analyzed 

The economic performance was analyzed in terms of PBP, LCC, breakeven costs, possible 

subsidies, and potential effects of carbon pricing. Because the HPWH and SAHPWH have 

high capital costs yet provide savings throughout their lifetime, it is important to study the 

economics of the systems using metrics that capture the full lifecycle savings.  

5.4.1 Operating costs 

The annual operating costs of the water heating methods included both the cost to heat 

water and the cost impact of the space heating and cooling impact in offsetting or increasing 

space conditioning loads. The annual operating costs for a location in each climate zone 

are shown in Figure 5.12. Costs are not shown for NGWH in zone 8 because there was no 

natural gas supply in the Canadian territories. 

 

Figure 5.12: Annual operating costs of various water heating methods 

Although energy consumption for water heating alone increased from climate zone 1 to 

climate zone 8, the annual operating costs were also dependent upon the electricity and 

natural gas costs in each location, so operating costs did not necessarily increase 
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sequentially between zones 1 through 8. However, costs for operating an EWH or a NGWH 

were consistently higher than operating costs of HPWHs or SAHPWHs. 

For all climate zones, the conditioned configuration of SAHPWH resulted in the lowest 

operating costs because the conditioned SAHPWH provided space heating benefits in the 

winter to reduce heating costs and space cooling in the summer to reduce space cooling 

costs. HPWHs, which caused a decrease in space cooling loads and an increase in space 

heating, had low operating costs in locations with short heating seasons such as zone 1, but 

high operating costs in zone 8. EWH and NGWH operating costs fluctuated significantly 

between climate zones because they were highly dependent upon local fuel prices.  

There was the greatest variation in the operating costs for the HPWH across the climate 

zones than other water heating methods due to the impact of the space cooling caused by 

the HPWH. In climate zone 1, the space cooling was beneficial during most of the year, 

whereas it increased space heating costs during most of the year in climate zone 8. In 

addition, the colder mains water temperature in zone 8 also contributed to the increased 

costs as compared to the warmer climate zones. 

In all climate zones, an operating cost decrease occurred between an EWH and a HPWH 

or SAHPWH, even when the impact on space conditioning is considered. Most locations 

also had an operating cost decrease from a NGWH to a HPWH or SAHPWH, but this 

decrease was less than that of the EWH to HPWH or SAHPWH due to the cheaper cost of 

natural gas in many locations. The greater the annual operating cost savings from an 

alternative water heating method to a HPWH or SAHPWH, the shorter the time would be 

to pay off the high capital cost of the HPWH or SAHPWH. However, in locations where 
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the annual operating cost of the NGWH was cheaper than that of the HPWH or a SAHPWH 

configuration, the high capital cost of the HPWH or SAHPWH would not be overcome 

over the lifetime.  

5.4.2 Payback period 

Payback period was used to calculate the number of years of operating cost savings 

required to offset the higher capital cost of the HPWH or SAHPWH as compared to electric 

or natural water heating systems. The PBPs of the conditioned SAHPWH and the HPWH 

compared to EWH and NGWH systems are shown in Figure 5.13. The outdoor and closed 

loop configurations were omitted from this graph because their operating cost performance 

was between the HPWH and conditioned SAHPWH.  

The PBP of the SAHPWH and HPWH systems compared to NGWH had a nonuniform 

trend across the climate zones due to the significant variation in natural gas prices between 

locations. Further, because natural gas was a cheaper water heating method in terms of 

annual operating costs than the HPWH or SAHPWH in some cases, the PBP period for a 

SAHPWH or HPWH in some locations was negative. Negative PBP values indicated that 

operating costs of the NGWH were cheaper than the HPWH or SAHPWH, thus there was 

no period within which the HPWH or SAHPWH would pay for itself compared to a 

NGWH. Negative PBPs and PBPs greater than 100 years were not included in Figure 5.13. 
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Figure 5.13: Payback period for HPWH (left) and SAHPWH (right) compared to other water heating 

methods 

Figure 5.13 shows that a longer PBP occurred when comparing a HPWH or SAHPWH to 

a NGWH than to an EWH in all locations, due to the low fuel cost of natural gas. When 

comparing the PBP of the HPWH systems to the EWH, Figure 5.13 shows a trend of 

increasing PBP from climate zone 1 through 8, because both systems are electricity driven, 

and because of the increase in space heating load that occurred in colder climate zones. 

However, for the SAHPWH compared to the EWH, the maximum PBP occurred in zones 

6 and 7, while climate zone 8 had a lower PBP due to the space heating benefits of the 

SAHPWH. In warmer climates (zone 1 through 6), the HPWH had a lower PBP than the 

SAHPWH, despite the lower operating cost of the SAHPWH. This is because the 

SAHPWH nearly doubled the capital cost of the system, so the difference in EWH 

operating cost and SAHPWH cost had to be much greater than the difference between 

EWH and HPWH to result in the SAHPWH having a lower PBP. In climate zones 7 and 

8, the significant annual operating cost savings of the conditioned SAHPWH caused the 

SAHPWH to overcome the high capital costs and have a lower PBP.  

In the PBP analysis, it was important to note that the expected lifetime of the HPWH and 

SAHPWH were 15 years, so PBPs of longer than 15 years would result in the system being 
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economically infeasible. In addition, the sample PBP analysis for each climate zone 

provided general trends, but PBP values are highly sensitive to electricity and natural gas 

costs, so analysis for all desired locations must be conducted separately, rather than 

garnering specific values for each climate zone from Figure 5.13. 

5.4.3 Lifecycle cost 

The lifecycle costs of the HPWH and SAHPWHs encompassed full operating, 

maintenance, and capital costs of the systems. Instead of comparing the HPWH or 

SAHPWH to an alternative technology, the LCC calculation considered only the HPWH 

or SAHPWH. The LCC for the HPWHs and SAHPWHs is shown in Figure 5.14. LCC had 

less variability than the PBP calculation because LCC was not dependent upon multiple 

fuel sources and technology options in each calculation.   

 

Figure 5.14: Lifecycle Costs of HPWH and SAHPWH systems 

HPWHs have significantly lower capital costs than SAHPWHs, so the HPWH typically 

also had a lower LCC. The exception was the SAHPWH in zone 8 which provided 

significant space heating load reduction and therefore the conditioned SAHPWH had the 
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lowest LCC. In the colder climate zones with ambient temperatures that were often below 

5°C, such as zones 6 through 8, the outdoor configuration had the highest LCC due to the 

high operating costs caused by reliance of the SAHPWH on the electric backup element in 

these colder locations.  

The SAHPWHs had more uniform LCC values across zones 1 through 8 than the HPWH 

LCC values. This is because the SAHPWH had higher capital costs which increased the 

LCC particularly in warm climate zones, while adding the solar collector decreased the 

LCC in cold climate zones due to the space heating benefits. The HPWH had a larger 

variation in LCC across climate zones than the SAHPWH because the HPWH decreased 

costs by offsetting space cooling in warm climate zones but added to the LCC in cold 

climate zones by increasing space heating costs throughout the long heating season. 

5.4.4 Cost breakeven 

The breakeven capital cost for a HPWH or SAHPWH was the capital cost required to have 

the same LCC as an EWH or NGWH. If the calculated breakeven capital cost was greater 

than the actual capital cost, the actual HPWH or SAHPWH had a lower LCC than the 

alternative water heating system. If the calculated breakeven cost was less than the actual 

capital cost, the capital cost of the HPWH or SAHPWH would need to be cheaper in order 

to have the same LCC as an alternative water heating system. If the breakeven was lower 

than the actual capital cost, one method to decrease the actual capital cost of the HPWH or 

SAHPWH such that the HPWH or SAHPWH would have the same LCC as an electric or 

natural gas water heater would be to introduce financial incentives. The incentives could 

be valued at an amount that is difference between the actual capital cost and the calculated 
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breakeven cost, thus allowing the LCC paid for the HPWH or SAHPWH system to be equal 

to that of an electric or natural gas water heater. 

The breakeven costs, which are the capital cost of the HPWH and SAHPWH required to 

have the same LCC as alternative methods of water heating, are shown in Figure 5.16 and 

Figure 5.16, respectively. The subsidy values shown are the subsidy that would have to be 

introduced for a HPWH or SAHPWH to have the same LCC as the alternative water 

heating methods given the current capital costs of HPWHs or SAHPWHs. 

 

Figure 5.15: Breakeven cost of HPWHs compared to EWH and NGWH and actual capital costs 

Actual Capital Cost
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Figure 5.16: Breakeven cost of SAHPWHs compared to EWH and NGWH and actual capital costs 

Zones 1 through 5 are located in the United States and therefore have different actual 

capital costs (in USD) than zones 6 through 8 which are located in Canada (in CAD). The 

subsidies are the amount that would be required for the calculated breakeven cost in Figure 

5.16 to reach the actual capital cost of the systems. These subsidies could be introduced by 

governments to promote increased uptake of HPWHs or SAHPWHs. As can be seen from 

the sample locations studied, higher subsidies would be required in Canada than in the 

United States. 

The increased feasibility in the United States occurred based on two main factors, which 

are the high electricity prices in the United States and low capital costs. Firstly, electricity 

prices (in local currency) in the United States were often greater than those in Canada. As 

Actual Capital Cost
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such, there were significant operating cost savings realized with the HPWH or SAHPWH 

compared to the alternative systems, which resulted in a greater breakeven capital cost. 

Secondly, the lower actual capital cost of the HPWH and SAHPWH in the United States 

was easier to overcome than in Canada. 

In Figure 5.16, bars without subsidy values indicate that the breakeven capital cost 

calculated was greater than the actual capital cost of the system, and therefore the system 

was presently feasible. For locations in which subsidies would be required for HPWH or 

SAPHWH to have the same LCC as alternative water heating methods, the sum of the 

required subsidy and the calculated breakeven cost was equal to the actual capital cost of 

the HPWH or SAHPWH.  

When comparing the results for the HPWH and SAHPWH, the subsidy values were greater 

for the SAHPWH in all locations except zone 8. This is due to the higher capital costs of 

the SAHPWH that provided a relatively low benefit in terms of operating costs. In zone 8, 

however, the solar collector prevented a significant amount of cooling and added space 

heating benefits and thus a lower subsidy was required for the SAHPWH than the HPWH. 

5.4.5 Inclusion of greenhouse gas emissions in economics 

The GHG offsets from a NGWH to the HPWH and SAHPWH options had a sample carbon 

price associated with them to indicate what could occur as the carbon tax increases and 

quantify the environmental and economic footprint together for the HPWH and 

SAHPWHs. Further, it can be used to illustrate the relative impact that an increasing carbon 

price may have on the economic feasibility of a HPWH or SAHPWH. The impact of a 

$50/kg carbon tax on the LCC, breakeven costs, and subsidies were determined, with the 
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GHG offset possible using HPWHs or SAHPWHs. The carbon offsets for a HPWH or 

SAHPWH compared to a NGWH were considered for this analysis. The LCC values for a 

HPWH and SAHPWH with and without carbon pricing are shown in Figure 5.17. 

 

Figure 5.17: Comparison of LCC with and without carbon pricing for HPWH (left) and SAHPWH 

(right) 

The LCC with carbon pricing put a price on the GHG offset possible with HPWHs or 

SAHPWHs when offsetting a NGWH in all climate zones. The LCC with carbon pricing 

was less than the LCC without carbon pricing in all zones for both the HPWH and the 

SAHPWH because there were significant GHG reductions realized with HPWHs or 

SAHPWHs from the large GHGs produced using NGWHs. In the method including carbon 

pricing, the LCC decreased because a credit was put on the GHG offsets achieved using a 

HPWH or SAHPWH. From the base case to the LCC with carbon pricing, there was an 

average of a 32% and 28% decrease in LCC for the HPWH and SAHPWH, respectively.  

The breakeven cost with and without carbon pricing was also compared for the HPWH and 

SAHPWH against natural gas water heaters. The calculated breakeven costs are shown in 

Figure 5.18 and Figure 5.19 for a HPWH and SAHPWH, respectively. 
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Figure 5.18: Breakeven cost with and without carbon pricing of HPWH compared to NGWH 

 

 

Figure 5.19: Breakeven cost with and without carbon pricing of SAHPWH compared to NGWH 

Actual Capital Cost

Actual Capital Cost
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When carbon pricing was included in the breakeven analysis, the calculated breakeven cost 

for the HPWH and SAHPWH increased, and thus the feasibility also increased. This is 

because the LCC of the NGWH significantly increased when carbon pricing was included, 

which increased the allowable capital cost of the HPWH or SAHPWH. For the HPWH, 

including carbon pricing increased the breakeven capital cost value to above the actual 

capital cost in all locations studied except zone 5. Figure 5.19 indicates this, showing that 

most locations did not require subsidies for the case with carbon pricing. For the 

SAHPWH, however, adding carbon pricing did not cause the breakeven cost to exceed the 

high capital cost in most sample cities studied. Although it reduced the subsidy required, 

all locations that required subsidies without carbon pricing also required subsidies with 

carbon pricing.  

5.5 Summary of results 

The results and trends shown in this section aid in understanding the broader findings 

provided in the discussion section. The results for the energy, GHG, and economic analysis 

were analyzed within this section, using the validated TRNSYS model. In the energy 

analysis, the energy required to heat water increased between climate zones 1 through 8 

due to cooler mains water temperatures in colder climate zones. The energy balance of all 

climate zones was analyzed including the impact on space heating and cooling, and the 

standalone HPWH and SAHPWH models were compared to a HPWH or SAHPWH 

performance within a house model. For a HPWH alone, the greatest net energy supply 

occurred in climate zone 3 due to a high need for space cooling and a slightly cooler mains 

water temperatures than zones 1 or 2. For a SAHPWH, however, the greatest net energy 
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supply occurred in climate zone 4 due to the added space heating benefits provided by the 

SAHPWH. 

The GHG offsets were studied for all climate zones, all of which are highly dependent upon 

the fuel sources used to generate electricity. The GHG offsets increased with increasing 

grid GHG intensity for EWHs to HPWHs or SAHPWHs, but GHG offsets decreased with 

increasing grid GHG intensity for NGWHs to HPWHs or SAHPWHs. The least GHG 

offsets occurred between an EWH and a HPWH in locations with cleaner electricity grids, 

and the least GHG offsets occurred between a NGWH and a HPWH in locations where the 

HPWH had little impact on the space heating load (such as warm locations in zones 1 

through 3).  

In the economic analysis, it was found that operating cost savings could be realized with 

HPWHs or SAHPWHs compared to EWHs. However, particularly when the high capital 

cost of the HPWH or SAHPWH was considered, the HPWH and SAHPWH were not 

economically feasible in some locations compared to NGWHs. When a carbon price was 

applied to the GHG offset in the economic analysis, however, the feasibility of the HPWH 

and SAHPWH increased significantly; with a carbon price, the HPWH had a lower LCC 

than NGWH in nearly all sample locations studied, but the SAHPWH remained infeasible 

in most locations due to the high capital cost. The trends for economic analysis shown in 

this section are highly sensitive to local energy prices. As such, other locations within each 

climate zone will not necessarily have a similar result to the sample location studied in said 

climate zone. 
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Chapter 6:  Discussion 

There are several implications of the results for the HPWH and SAHPWH performance in 

terms of energy consumption, economics, and GHG reductions. Expansion of the results 

beyond the sample locations is necessary to establish further trends and outcomes for a 

broader range of locations in each climate zone studied. The implications of the results are 

discussed in this chapter for additional locations across Canada and the United States. 

6.1 Energy performance of configurations analyzed 

The energy performance of the HPWH and SAHPWH configurations had a similar result 

across the climate zones to the trend which occurred for the sample locations. The results 

for the configurations of HPWH or SAHPWH with the lowest electricity consumption 

across Canada and the United States are shown in Figure 6.1. 

 

Figure 6.1: SAHPWH configuration with lowest annual electricity consumption 
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In climate zone 1, the outdoor and closed loop configurations had similar performance and 

resulted in the lowest annual electricity consumption, whereas in colder climate zones, the 

conditioned configuration resulted in the lowest annual electricity consumption, as shown 

in Figure 6.1. In climate zones 2 and 3, there was less than a 10% difference in electricity 

consumption between the outdoor and conditioned configurations.  

In each city, the configuration of SAHPWH with the lowest energy consumption was the 

one with the greatest inlet air temperatures to the HPWH; for warm climates, this was the 

outdoor configuration and for cold climates, this was the conditioned configuration. The 

climate zone with the least annual electricity consumption across Canada and the United 

States was climate zone 1 which had the greatest mains water temperatures and inlet 

HPWH air temperatures. Colder climate zones had higher annual electricity consumption 

with all configurations due to the lower mains water temperatures, but because the 

conditioned SAHPWH had highest inlet air temperatures to the HPWH, the conditioned 

SAHPWH performance increased above the outdoor and closed loop SAHPWHs. Further, 

frigid inlet air temperatures for the outdoor and closed loop SAHPWHs caused a heavy 

reliance on the electric backup element. Although greatest electricity consumption 

occurred for SAHPWHs in northern regions, greatest electricity savings did not occur in 

the far north for an EWH to SAHPWH transition, as shown in Figure 6.2. Instead, there 

was found to be a correlation between the climate zone in which a city is located and the 

electricity offset. 
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Figure 6.2: Annual electricity offset of SAHPWH compared to EWH 

Greatest electricity savings occurred near the Canada and United States border due to the 

low mains water temperatures and high solar insolation. In cool mains temperature regions, 

such as northern Canada, a greater amount of energy was required for water heating, so 

implementing a HPWH with a COP of 2 to 3 had a high absolute energy reduction. 

However, it was found that far northern cities did not have the greatest electricity reduction 

with a SAHPWH due to lower inlet air temperatures from the solar collector than higher 

insolation regions. The balance of high solar insolation to improve HPWH performance 

with low mains water temperature to increase base electricity consumption occurred near 

the Canada and United States border, where electricity savings were maximized. 

The electricity savings due to the SAHPWH in each location were scaled based on 

population to determine the electricity reduction that would occur if 5% of existing water 
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heaters were replaced by SAHPWHs. This represents the electricity reduction possible if 

5% of households with an average occupancy of 2.7 persons per dwelling transitioned from 

an EWH to a SAHPWH based on local populations for each city studied [87], [88]. The 

results for population-scaled electricity offsets are shown in Figure 6.3. 

 

Figure 6.3: Electricity reduction with 5% technology uptake in Canadian and American cities 

When scaled by population, large cities such as New York, Toronto, and Los Angeles 

achieved the largest energy savings due to large populations, whereas northern Canada had 

the least savings due to their lower populations. It was found that if 5% of households in 

Canada switched from their existing EWH or NGWH to a SAHPWH, the national energy 

reduction would be 2.46 TWh annually, which translates to an energy reduction of 3.1% 

for residential water heating energy consumption.  
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6.2 Greenhouse gas emissions of configurations analyzed 

Quantifying the carbon footprint of water heaters is important given the ongoing GHG 

reduction goals at international, national, and regional levels. As such, water heating 

options were analyzed in terms of their equivalent lifecycle GHGs, which included GHGs 

due to the natural gas or electricity fuel consumed for an alternative water heater and the 

footprint of the HPWH refrigerant leakage which was assumed to have a leakage rate of 

6% per year of the 15-year lifetime. The GHG offsets when transitioning from an EWH to 

a HPWH are shown in Figure 6.4. The GHG offsets for HPWHs and SAHPWHs varied 

very little due to their low difference in electricity consumption which translated to even 

less difference in GHG offsets. 

 

Figure 6.4: GHG offset of HPWH over the lifetime compared to EWH 

The GHG offsets over the lifetime of a HPWH were greatest in locations with electricity 

grids that were highly reliant on fossil fuels such as Alberta, Saskatchewan, and Nova 
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Scotia. In locations such as Ontario with moderately clean electricity grids, there was a 

very small lifetime GHG reduction when transitioning from an EWH to a HPWH, because 

there were low emissions with an EWH to begin with. Further, in locations with grids that 

have near zero emissions such as British Columbia, Manitoba, PEI, and Quebec, the 

refrigerant leakage of the HPWH over its lifetime produced more GHGs than the HPWH 

could offset from an EWH, leading to a negative GHG offset, or a GHG increase, in these 

locations. When transitioning from a NGWH, more significant GHG savings can be 

realized in locations with clean electricity grids, as shown in Figure 6.5. 

 

Figure 6.5: GHG emissions offset of HPWH over the lifetime compared to NGWH  

The GHG offsets that were found to occur when switching from a NGWH to a HPWH 

were more similar across Canada and the United States than the GHG offsets from an EWH 

to a HPWH. The uniformity in GHG offsets from a NGWH to a HPWH was caused by the 

decrease in natural gas fuel consumption that occurred across the two countries and 
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dominated the GHG reductions. It is important to note that NGWHs are not present in the 

Canadian territories, PEI, or Newfoundland due to the lack of natural gas supply in these 

locations, but they are provided on the graph for insight into the trends and behavior that 

could occur in the studied cities. 

When the results from Figure 6.4 and Figure 6.5 are compared, it can be seen that locations 

with clean electricity grids were more sensitive to the alternative technology (EWH or 

NGWH) than locations with fossil fuel-dependent grids, in terms of GHG reduction. In 

British Columbia, Manitoba, PEI, and Quebec, there was a far greater difference in GHG 

offset between the EWH to HPWH and NGWH to HPWH cases than the difference in 

offsets in Alberta or Saskatchewan. Further, in Alberta and Saskatchewan which are reliant 

upon coal for electricity generation, there was a lower GHG offset when comparing a 

HPWH to a NGWH than when comparing a HPWH to an EWH. This is because coal has 

almost three times the global warming potential than natural gas, meaning EWHs produce 

more GHGs than NGWHs in coal-dominant locations. As such, switching to a HPWH from 

an EWH had a greater GHG reduction than from a NGWH in fossil fuel dominant locations. 

6.3 Economic performance of configurations analyzed 

The economic parameters were functions of geographically specific conditions such as 

mains water temperatures and space heating and cooling seasons but were also of electricity 

and natural gas rates in each location. As such, the results for PBP and LCC did not 

necessarily follow the same trends as those for the energy consumption analysis.  
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6.3.1 Payback period 

The PBP values for the HPWH and SAHPWH were compared for each of the Canadian 

and American locations studied to determine the locations in which each configuration 

resulted in a lower PBP, as shown in Figure 6.6.  

 

Figure 6.6: Configuration of water heater with the lowest PBP compared to an EWH 

The configuration of HPWH or SAHPWH with the lowest PBP was highly correlated to 

the climate zone in which a city was located; in zones 7 and 8, the conditioned SAHPWH 

had the lowest PBP, while in climate zones 6 and lower, the HPWH had the lowest PBP. 

In the cooling-dominant southern United States, the HPWH which provided cooling 

benefits throughout a significant portion of the year resulted in lower PBPs, while in 
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heating-dominant northern Canada, the SAHPWH which provided heating benefits 

resulted in lowest PBPs. The locations which were in colder climate zones had the greatest 

negative impact due to the HPWH space cooling and thus the SAHPWH which mitigated 

the space cooling effect decreased the PBP. 

Although the energy analysis showed that greatest electricity offsets for water heating 

occurred near the Canada and United States border, these offsets did not translate to a lower 

PBP. This was caused by two major factors. Firstly, locations near the Canada and United 

States border which had nearly equal heating and cooling seasons had longer PBP than the 

southern-most locations due to their relatively high energy consumption for water heating 

(due to lower mains water temperatures than the south). Secondly, many locations that 

happen to be near the Canada and United States border had low electricity prices, which 

reduced the yearly savings that occurred; this did not cause a geographical impact on the 

HPWH or SAHPWH system despite that it seemed like a geographical factor. 

The PBPs were highly dependent upon local electricity prices: locations such as Quebec 

with low electricity prices had significantly lower operating costs for the EWH so annual 

savings by the HPWH or SAHPWH were relatively low, and thus PBP was over 20 years. 

In contrast, Iqaluit had high electricity prices which translated to high operating costs, high 

savings with a SAHPWH, and thus a low PBP.  

The PBP was also analyzed against a NGWH, and the results are shown in Figure 6.7. In 

some locations, NGWH was not an option due to the lack of natural gas supply, and in 

some places the PBP compared to a NGWH was either negative indicating that the 

operating cost of the NGWH was cheaper than that of the HPWH or SAHPWHs or the 
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PBP was greater than 50 years. For any of these three cases, there was deemed to be no 

configuration with a lowest PBP compared to a NGWH. 

 

Figure 6.7: Configuration of water heater with the lowest PBP compared to a NGWH 

The configuration with the lowest PBP compared to a NGWH did not appear to have any 

correlation to the climate zone. Rather, there was a stronger correlation to local electricity 

and natural gas rates than to the climate zone. In locations such as Miami, Houston, 

Nashville, and Fredericton, there were high natural gas rates and moderate electricity rates. 

The high natural gas rates lead to both the HPWH and SAHPWH having lower operating 

costs than the NGWH on an annual basis, while the moderate electricity prices did not 

cause the SAHPWH to have annual operating cost savings that were sufficiently greater 

than the HPWH to overcome the additional costs of the solar collector. In locations with 
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higher electricity rates and relatively high natural gas rates such as California, New York, 

Philadelphia, Ontario, the SAHPWH provided sufficiently higher operating cost savings 

than the HPWH thus allowing the high capital cost of the solar collector to be overcome.  

In locations such as Alberta and Saskatchewan which had low natural gas rates and 

therefore low operating costs for a NGWH, the electricity rates did not have a significant 

impact on the PBP. Due to the low natural gas rates, neither Alberta, which has low 

electricity rates, nor Saskatchewan, which has high electricity rates were able to overcome 

the high capital cost of the HPWH or SAHPWH. In both locations, the operating cost of 

the NGWH was cheaper than that of the HPWH and SAHPWH. 

Because the values used to calculate PBP and the other economic parameters may have a 

high degree of variability, the sensitivity of the PBP to variation in input values was tested. 

The results of this PBP sensitivity analysis are shown in Appendix E. 

6.3.2 Lifecycle cost 

The LCC of the HPWH and SAHPWHs were compared across Canada and the United 

States to determine the configuration with the lowest LCC in each location. The results are 

shown in Figure 6.8, with the LCC values provided in local currency for each location.  



121 

 

 

Figure 6.8: Configuration with lowest lifecycle cost  

The configuration with the lowest LCC in each location was not necessarily the same as 

the configuration with the lowest PBP. This is because LCC is based only upon a the 

HPWH or SAHPWH technology option, whereas the PBP encompassed an alternative 

option as well (an EWH or NGWH). Some locations which moderately benefitted from the 

space heating of the SAHPWH, such as those in zone 7, had a different configuration with 

lowest PBP than configuration with lowest LCC. For example, in Manitoba, the 

conditioned SAHPWH had the lowest PBP, but the HPWH had the lowest LCC. This 

difference in Manitoba and other Canadian locations was caused by their relatively cheap 

electricity rates. If electricity rates were cheap, there was a lower absolute cost savings 

between an EWH and a HPWH or SAHPWH, and thus the PBP calculation which 
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compared the EWH to the HPWH or SAHPWH was less influenced by direct water heating 

costs and more influenced by space conditioning benefits. The SAHPWH which provided 

greater space heating benefits in zone 7 therefore had a lower PBP in locations with low 

electricity rates. However, due to the low electricity rates and the high solar collector cost, 

the HPWH had a lower LCC than the SAHPWH.  

The high capital cost of the solar collector caused the SAHPWH to have a higher LCC in 

locations with low electricity rates. However, in locations with high electricity rates the 

higher electricity rates translated to a higher savings for space conditioning costs with the 

SAHPWH, thus leading to lower LCC values with the SAHPWH than the HPWH in 

locations such as Saskatchewan.  

6.3.3 Breakeven capital costs 

The breakeven capital cost is a comparison of the LCC of the HPWH or SAHPWH 

compared to an alternative such as the EWH or NGWH. If the breakeven capital cost was 

greater than the actual capital cost of the HPWH or SAHPWH, the technology was said to 

have a lower LCC than the EWH or NGWH to which it was compared. A summary of the 

configurations of HPWH or SAHPWH with a lower LCC than an EWH are shown in 

Figure 6.9. 
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Figure 6.9: Configurations with lower LCC than an EWH 

In general, the locations with the highest electricity prices were the locations in which the 

most configurations of HPWH and SAHPWH were found to be economically feasible in 

terms of breakeven costs. For example, California which had high electricity rates had a 

lower LCC for all configurations of HPWH and SAHPWH than the EWH. The Canadian 

territories had high electricity rates but were an exception to the high electricity rate and 

increased system feasibility correlation. In the territories, only the conditioned and closed 

loop configurations were feasible because the outdoor SAHPWH relied heavily on the 

electric backup element which significantly increased energy consumption and costs, and 

the HPWH added high amounts of harmful space cooling throughout the year.  

When considering the HPWH and SAHPWH against a NGWH, the SAHPWH was 

infeasible in that the breakeven cost calculated was always less than the actual capital cost 
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across Canada and the United States. Compared to the NGWH, the HPWH only had a 

breakeven capital cost that was greater than the actual capital cost in Phoenix, Miami, and 

Fredericton, all of which have high natural gas rates. Because the low cost of natural gas 

was an economic barrier for HPWH and SAHPWHs and the future cost of natural gas is 

relatively unknown, an analysis was conducted to determine the difference in feasibility if 

the natural gas rate increased by 50%, as shown in Figure 6.10. 

 

Figure 6.10: Configurations with lower LCC than a NGWH with a 50% increase in natural gas rates 

Even with a 50% increase in natural gas rates across Canada and the United States, HPWHs 

and SAHPWHs were not found to be economically feasible in many locations. However, 

they were most feasible in the southern United States and the maritime provinces of Canada 

which have high natural gas rates. In general, it was difficult to overcome the high capital 

costs of the HPWHs and SAHPWHs in terms of breakeven costs in locations that had cheap 
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fuel rates for the NGWH or EWH. To increase the feasibility of HPWHs and SAHPWHs, 

subsidies could be introduced which would decrease the capital cost of HWPHs and 

SAHPWHs and thus decrease the overall LCC. The subsidies required for the LCC of the 

HPWH and SAHPWH to have the same LCC as the EWH in local currency are shown in 

Figure 6.11 and Figure 6.12, respectively. 

 

Figure 6.11: Subsidies for a HPWH to have the same LCC as an EWH  
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Figure 6.12: Subsidies for a conditioned SAHPWH to have the same LCC as an EWH 

The subsidies for the HPWH and SAHPWH compared to the EWH were highly dependent 

upon the climate zone in which each city was located. For the EWH to HPWH transition, 

there was no subsidy required across the United States and in warm Canadian locations, 

but the subsidy amount increased further north within Canada. This is because the HPWH 

provided greatest space cooling benefits in the southernmost locations, whereas the space 

cooling increased space heating loads in northern locations that were heating dominant.  

For the EWH to SAHPWH, the lowest subsidies were required in the southern United 

States and the Canadian territories. In the southern United States, a high amount of space 

cooling allowed even the capital cost of the solar collector to be overcome in the LCC 

calculation, while in the Canadian territories, the space heating benefits provided by the 

SAHPWH reduced the LCC to below that of the EWH. In climates near the Canada and 
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United States border, the highest subsidies were required for the SAHPWH. The cheap cost 

of electricity in southern Canada compared to other locations which reduced the value of 

the operating cost savings between the EWH and SAHPWH was a primary reason for this. 

The trend for subsidies for a HPWH and SAHPWH against a NGWH in local currency, as 

shown in Figure 6.13 and Figure 6.14, were similar to that of the HPWH and SAHPWH 

against an EWH. In general, the subsidies were greater when the HPWH and SAHPWH 

were compared to a NGWH than when compared to an EWH due to the low cost of natural 

gas fuel which caused the NGWH to have low annual operating costs. This indicates the 

difficulty to increase uptake of HPWHs or SAHPWHs when comparing these technology 

options to a NGWH; the increased cost over the lifecycle and large subsidies that would 

need to be implemented to decrease the cost to that of the NGWH may prevent the HPWH 

or SAHPWH from becoming mainstream technology options in many locations. 

 

Figure 6.13: Subsidies for a HPWH to have the same LCC as a NGWH  
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Figure 6.14: Subsidies for a conditioned SAHPWH to have the same LCC as a NGWH  

In many locations, the LCC, breakeven costs, and subsidies to bring the LCC of a HPWH 

or SAHPWH down to that of an EWH or NGWH were found to be prohibitively high and 

may thus limit uptake of the HPWH and SAHPWHs. It is possible that the subsidies could 

be reduced, particularly compared to the NGWH, if GHG reductions were valued.  

6.3.4 Inclusion of greenhouse gas emissions 

An analysis was conducted to determine if valuing the GHGs from HPWHs, SAHPWHs, 

and alternative water heaters increased the economic feasibility of HPWHs and 

SAHPWHs. Although future carbon prices are highly unknown, this analysis provided a 

potential scenario for the impact that carbon pricing could have on the technology options. 

The impacts from this analysis could be scalable between the carbon price selected and the 

no carbon price scenarios described previously. The carbon price analyzed in this study 

was $50 per metric ton of CO2e. The results for the subsidies required to make the LCC of 
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HPWHs and SAHPWHs equal to that of a NGWH when considering carbon pricing are 

shown in Figure 6.15 and Figure 6.16, respectively. 

 

Figure 6.15: Subsidies for a HPWH to have the same LCC as a NGWH with a $50 carbon price  

 

 

Figure 6.16: Subsidies for a conditioned SAHPWH to have the same LCC as a NGWH with a $50 

carbon price  
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In most locations the subsidy required for a HPWH was less than that required for a 

SAHPWH, except locations that were highly reliant upon coal for electricity generation, 

such as Nova Scotia and Saskatchewan. In these locations, the high GHGs produced by the 

coal electricity generation caused the HPWH to be more expensive than the SAHPWH due 

to its extra electricity consumption. Locations with cleaner electricity grids had cheaper 

subsidy values for the HPWH because less savings were realized between the HPWH and 

SAHPWH, so the high capital cost of the solar collector could not be overcome.  

For both the HPWH and the SAHPWH, a significant reduction in subsidy value occurred 

when carbon pricing of $50 per ton was introduced. The HPWH and SAHPWH had a 

reduction in subsidy value of at least 27% and 34%, respectively when carbon pricing was 

considered. However, in many locations across Canada and the United States, the subsidy 

value was reduced to zero when carbon pricing was considered. This illustrates that there 

may be significant value of adding a carbon price in terms of the economic feasibility. 

6.4 Summary of key findings 

In this study, there were several findings for the energy, GHG, and economic analyses. For 

energy consumption, it was found that the HPWH greatly reduced energy consumption 

compared to the EWH and NGWH options, but from the HPWH to the SAHPWH there 

was not a significant decrease in energy consumption. However, it was determined that the 

greatest electricity offsets occurred for EWHs to SAHPWHs near the Canada and United 

States border due to the balance of low mains water temperatures and high solar insolation.  

The GHG analysis showed that the greatest emissions reduction occurred when 

transitioning from a NGWH to a SAHPWH in a location with a clean electricity grid and 
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with a natural gas space heating system in place. However, when transitioning from an 

EWH to a HPWH, there was an increase in GHG emissions in locations with clean 

electricity grids when the refrigerant leakage was considered. 

The economic analysis showed that although HPWHs and SAHPWHs may be viable when 

compared to EWHs, the low cost of natural gas fuel was a barrier for HWPHs and 

SAHPWHs and prevented the systems from being highly viable in many locations when 

compared to a NGWH. When a price was put on the GHG reductions that could be realized 

with HPWHs and SAHPWHs, the economic feasibility of the systems against a NGWH 

increased significantly.  
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Chapter 7:  Conclusions and Future Work 

Several conclusions can be drawn from the research presented within this thesis. These 

conclusions are presented first within this chapter and are followed by future research 

options that build upon the current project. 

7.1 Conclusions 

This study included experimental and simulated analyses of a HPWH with the objective of 

determining the energy, GHG, and economic performance of HPWHs and SAHPWHs 

across Canada and the United States. Experiments were used to characterize the 

performance of a commercially available HPWH, and a model was created and validated 

based on the experimental results. The HPWH model was expanded to include a solar 

collector in three configurations of SAHPWH: conditioned, outdoor, and closed loop. All 

configurations were analyzed in selected cities across Canada and the United States to 

determine which had the best performance based on the energy consumption and reduction, 

GHG reduction, and economic parameters studied. 

Both the HPWH and SAHPWHs were found to significantly decrease energy consumption 

compared to an EWH or NGWH across Canada and the United States, and although the 

conditioned SAHPWH decreased energy consumption compared to the HPWH, it was a 

significantly less decrease than that from an EWH or NGWH to a HPWH. The variations 

in performance of HPWHs and SAHPWHs across Canada and the United States were 

largely due to the differences in mains water temperature and inlet air temperatures to the 

HPWHs. In lower mains temperature locations, greater electricity consumption was 

required to heat the water, and thus a greater absolute electricity decrease occurred between 
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the EWH and HPWH or SAHPWH in these locations. An increase or decrease in inlet air 

temperature to the HPWH corresponded to an increase or decrease in performance, 

respectively, so the warmer inlet air temperatures of the conditioned SAHPWH increased 

performance compared to the HPWH. Additionally, locations with cold outdoor 

temperatures required a high amount of electricity consumption and had a high reliance 

upon the electric resistance backup element for the outdoor SAHPWH. Due to the balance 

of low mains water temperature and high insolation (and therefore inlet air temperatures), 

the greatest electricity offset between an EWH and SAHPWH was realized near the Canada 

and United States border. It was found that if 5% of existing water heaters in Canada were 

replaced by a HPWH, there would be a 3.1% decrease in energy consumption for water 

heating in the country. 

The GHG analysis showed that the greatest GHG offsets from an EWH to a HPWH or 

SAHPWH could be realized in locations with electricity grids that were dominant on fossil 

fuels, while the greatest GHG offsets from a NGWH to a HPWH or SAHPWH could be 

realized in locations with clean electricity grids. Further, if a transition was made from an 

EWH to a HPWH in a location with a clean electricity grid, an increase in GHGs occurred 

when the HPWH refrigerant leakage was considered, or when a natural gas space heating 

system was used in cold climate locations. These increases occurred because in locations 

with clean electricity grids the GHG reductions due to operation of a HPWH instead of an 

EWH were low, therefore factors that contributed more to the GHGs such as the natural 

gas space heating increase or refrigerant leakage were greater than the GHG reduction from 

an EWH to a HPWH. 



134 

 

In the economic analysis, it was found that the HPWHs and SAHPWHs were more feasible 

when compared to EWHs than NGWHs due to the inexpensive cost of natural gas fuel. 

However, when a price was added to the GHGs produced by NGWH, it was found that the 

subsidies required to make the HPWH or SAHPWH have the same LCC as the NGWH 

were reduced by at least 27% in all locations and were completely eliminated in others, 

and thus the feasibility of the HPWHs and SAHPWHs increased. Further, increases in 

natural gas fuel costs would increase the feasibility of HPWHs and SAHPWHs as well. 

The calculated subsidy values were the amounts that the capital cost of a HPWH or 

SAHPWH would have to decrease to have the same LCC as an EWH or NGWH. In 

locations with low electricity and natural gas rates, the subsidy values were greater than 

locations with high utility rates. In most locations, the subsidies were less for a HPWH 

than a SAHPWH and for an EWH than a NGWH.  

When considering the feasibility of HPWHs and SAHPWHs in terms of PBP, it was found 

that the PBP would be minimized for a HPWH with an inefficient space cooling system 

and an efficient space heating system, because this scenario maximized the benefits 

provided to the space by the HPWH. For the SAHPWH, the PBP was found to be 

minimized with an inefficient space heating and cooling system because the SAHPWH 

provides both space cooling and space heating benefits. This did not consider the increased 

total operating cost of using the space conditioning systems, and instead only included the 

economic impact of the existing space conditioning systems.  

In general, it was found that HPWHs were often cheaper than SAHPWHs across Canada 

and the United States. There were three main factors which caused an exception to this: 
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• locations with high electricity prices had greater absolute energy savings for the 

SAHPWH compared to the HPWH thus making the SAHPWH cheaper over the 

lifetime than the HPWH, 

• when a price was put on the GHGs, locations which were highly reliant upon fossil 

fuels for electricity generation had a high cost associated with electricity 

consumption and therefore the SAHPWH which reduced electricity consumption 

were cheaper over the lifetime than the HPWH, and 

• locations with long heating seasons such as zone 8 had a significant increase in 

space heating costs throughout the year with the HPWH which was offset by the 

SAHPWH. 

This study provided insight into the performance of HPWHs and SAHPWHs across 

Canada and the United States and showed the value of implementing the systems for energy 

and GHG reductions. Although it was difficult to overcome the high capital costs of the 

systems in many locations, adding a value to the GHGs increased the economic feasibility. 

HPWHs and SAHPWHs could be implemented as a clean and efficient technology for 

water heating that will help reduce GHGs of the building sector and meet climate goals, 

but to date the cost barrier of the systems remains present in many locations. 

7.2 Future Work 

Additional work should be conducted on this project to determine the behavior of the 

HPWH and SAHPWH systems under different conditions and for different applications. In 

this study, CSA Schedule A draw profile was studied, but it is important to study the 

impacts of different draw profiles such as ones that have larger or more irregular daily 
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draws. Different draw events could significantly change the results obtained within this 

study, particularly if there were large draw events that would require use of the electric 

backup elements in the HPWH. 

Future studies should include experiments on a commercially available solar thermal 

collector to determine performance variations from the measurements provided by the 

manufacturer that occur in colder climate locations or under less ideal conditions. Further, 

including experimental analysis of a solar collector would help to quantify heat losses and 

temperature decreases that may occur between the solar collector and the HPWH in a 

house, thus providing a more accurate representation of SAHPWH performance. 

Future analysis should also include the power consumed by the fan at the solar collector 

inlet. The fan would increase the overall energy consumption of the SAHPWH systems 

and this energy should be quantified to fully analyze the system performance. During 

periods when the HPWH was operating, the built-in HPWH fan would run and the solar 

collector fan would not be required. However, during periods of high solar insolation when 

the refrigeration cycle was not on and drawing air using the built-in fan, an external fan 

would be required to use the solar to heat the home. The increase in energy consumption 

may decrease the feasibility of the SAHPWH systems. 

Since the SAHPWH system is a new, upcoming water heating technology option, further 

comparison should be done on newer methods of water heating with other fuel types. This 

includes natural gas tankless water heaters which achieve higher energy factors than the 

tank-type natural gas water heaters studied in this project. The capital cost of tankless water 

heaters is often greater than that of tank-type systems, but their higher efficiency would 
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decrease fuel costs throughout the lifetime. As such, a full lifecycle comparison should be 

done on tankless systems in comparison with the SAHPWHs and HPWHs analyzed in this 

study. 

A HPWH or SAHPWH could be used for demand-side management to reduce peak 

electricity loads and decrease fossil fuel consumption for electricity generation. HPWHs 

and SAHPWHs could be programmed to operate as much as possible at off-peak times 

with thermal storage for use during on-peak times. This could then be expanded to consider 

a HPWH or SAHPWH to meet all space heating and cooling loads. Increasing the operation 

time of a HPWH would provide additional space cooling, and the excess heated water 

produced could be stored in a larger tank to meet DHW requirements at other times. In the 

heating season, a SAHPWH could be used to heat water during off-peak times which could 

be stored and used in a radiant floor heating loop. Using a HPWH or SAHPWH for space 

and water heating could help significantly reduce GHGs for the two largest energy end use 

categories in Canada. 
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Appendix A: HPWH Performance Map 

 

The experimental performance map included compressor power, heat rejection to the water 

tank, total air cooling capacity, and sensible air cooling capacity shown in Table A. 1 

through Table A. 4, respectively. These were used in an external file that was read in by 

the HPWH in using TRNSYS. Using the performance map, the modelled HPWH closely 

followed the behavior of the experimental system.  

Table A. 1: Compressor power for performance map (W) 

Relative 

Humidity 

(%) 

Inlet Air 

Temperature 

(°C) 

Water Temperature (°C) 

10 20 30 40 50 60 70 

20 

10 358.8 364.0 379.3 394.5 409.7 414.9 420.1 

20 270.0 311.5 351.8 409.1 458.2 555.0 651.8 

30 356.0 400.7 455.5 500.3 555.1 609.8 664.6 

40 360.0 450.0 540.0 630.0 774.0 822.9 871.7 

30 

10 348.6 361.2 373.8 396.3 418.9 431.5 444.1 

20 270.0 311.5 351.8 409.1 458.2 555.0 651.8 

30 507.6 549.2 580.8 622.4 664.0 675.6 687.2 

40 320.8 446.9 599.5 612.9 776.0 825.9 875.8 

 

Table A. 2: Heat rejection for performance map (W) 

Relative 

Humidity 

(%) 

Inlet Air 

Temperature 

(°C) 

Water Temperature (°C) 

10 20 30 40 50 60 70 

20 

10 1314.9 1299.5 1244.2 1198.8 1153.4 1088.1 1022.7 

20 1629.7 1536.1 1442.5 1348.9 1255.3 1161.7 1068.1 

30 2324.8 2175.1 2025.5 1975.8 1826.1 1776.4 1726.8 

40 2306.6 2206.4 2106.2 2006.0 1905.8 1805.6 1705.4 

30 

10 1340.4 1292.7 1247.0 1190.3 1153.6 1056.9 960.2 

20 1583.9 1494.5 1405.1 1315.7 1226.3 1136.9 1047.5 

30 2165.5 2043.1 1920.8 1998.5 1876.1 1753.8 1631.5 

40 2782.1 2666.1 2550.1 2343.1 2318.1 2202.1 2086.1 
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Table A. 3: Total cooling capacity for performance map (W) 

Relative 

Humidity 

(%) 

Inlet Air 

Temperature 

(°C) 

Water Temperature (°C) 

10 20 30 40 50 60 70 

20 

10 569.6 674.0 632.8 590.6 548.5 506.4 464.3 

20 565.9 701.5 818.3 917.1 870.8 884.1 897.5 

30 668.0 852.0 877.2 913.3 930.9 959.2 987.6 

40 1399.4 1500.8 1653.0 1551.6 1450.1 1348.6 1247.2 

30 

10 671.9 637.0 689.4 654.4 619.5 584.5 549.5 

20 598.0 712.6 824.3 934.0 884.8 883.2 881.6 

30 668.3 833.4 905.5 930.2 948.6 964.5 980.5 

40 1654.5 1836.8 2015.1 2159.4 1997.4 1627.1 1256.7 

 

Table A. 4: Sensible cooling capacity for performance map (W) 

Relative 

Humidity 

(%) 

Inlet Air 

Temperature 

(°C) 

Water Temperature (°C) 

10 20 30 40 50 60 70 

20 

10 776.0 722.0 702.8 660.6 576.4 534.3 492.2 

20 2380.8 2296.5 2212.3 2128.0 1877.0 1299.4 721.7 

30 2619.6 2980.8 3050.5 3133.5 3013.1 3091.1 3169.1 

40 2349.6 2377.8 2415.4 2509.3 2353.5 2179.1 2004.6 

30 

10 776.0 722.0 702.8 660.6 576.4 534.3 492.2 

20 2127.9 2334.1 2465.7 2425.7 2418.7 2031.2 1643.6 

30 2619.6 2980.8 3050.5 3133.5 3013.1 3091.1 3169.1 

40 2516.9 2607.6 2743.8 2653.0 2562.3 2471.5 2380.7 
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Appendix B: TRNSYS project image 

 

The TRNSYS projects used within this study all used the same subroutines to model the 

HPWHs and SAHPWHs. A sample of the TRNSYS project used for the HPWH is shown 

in Figure B. 1. A full description of the subroutines that were used within the project is 

provided in Chapter 4.  

 

Figure B. 1: TRNSYS project used for HPWH modelling 
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Appendix C: American utility rates and electricity grid emissions 

 

The importance of the electricity rates and GHGs values used for this study were stressed 

within Chapter 6, so it is important to note the numbers used for the GHG and economic 

analysis. To calculate the GHG intensity values, the breakdown of electricity generation 

fuels was obtained from the US Energy Information Administration  [89], and the GHG 

intensity calculation methodology from Chapter 4 was followed. The GHG intensity values 

for each location are shown in Table C. 1. 

Table C. 1: GHG intensity of electricity grids in American locations 

Location GHG Intensity 

(gCO2e/kWh) 

Arizona 439.43 

California 184.02 

Colorado 710.41 

Florida 490.99 

Illinois 365.04 

Minnesota 461.03 

Montana 565.66 

New York 172.35 

North Carolina 410.59 

Pennsylvania 385.78 

Tennessee 429.16 

Texas 541.82 

Washington 100.46 

 

The utility rates used for the analysis were obtained from the US Energy Information 

Administration. The electricity rates [90] and natural gas rates [91] are shown in Table C. 

2. Average electricity rate values, rather than on- and off-peak values were used for the 

United States after the analysis in Chapter 4 which showed little difference between 



151 

 

average and peak methods. Additionally, in many American locations, electricity is 

privatized, so using average values provided by the US IEA gives an average over the state 

of all providers rather than selecting one arbitrary provider to use in each location. 

Table C. 2: Utility rates in American locations 

Location Electricity Rate 

($/kWh) 

Natural Gas Rate 

($/kWh) 

Arizona 0.1235 0.0402 

California 0.193 0.0463 

Colorado 0.121 0.0259 

Florida 0.1184 0.0626 

Illinois 0.01281 0.0248 

Minnesota 0.01291 0.028 

Montana 0.1078 0.0225 

New York 0.1686 0.0396 

North Carolina 0.1141 0.0432 

Pennsylvania 0.1363 0.0363 

Tennessee 0.1082 0.0289 

Texas 0.1167 0.0285 

Washington 0.0946 0.0288 
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Appendix D: Time of use GHGs compared to annually averaged GHGs 

 

A comparison was made for Toronto, ON between using the total electricity generation on 

an annual basis and by considering the variations in GHG intensity between seasons and 

on-, mid-, and off-peak times of day. The Independent Electricity Systems Operator (IESO) 

publishes hourly data on the emissions intensity of the Ontario electricity grid, which was 

plotted by Baldwin and Cruickshank [54] to calculate the intensity values based on the time 

of use electricity billing periods for 2015, as shown in Table D. 1. The greatest difference 

occurred between off-peak winter and on-peak summer, and there was a 38% difference in 

GHG intensity between these times. 

Table D. 1: Time of use GHG intensity (kgCO2e /MWh) 

 Off-Peak Mid-Peak On-Peak 

Summer 54.9 70.5 76.0 

Winter 51.8 59.9 60.2 

 

The GHGs for a HPWH were determined throughout the year using the time of use method 

and an annual average GHG value (60.02 kgCO2e /MWh) for 2015. It was found that the 

GHG reduction using the annual averaged GHG intensity and time-of-use GHG intensity 

resulted in 2% difference for the HPWH operation. The low difference in averaged GHG 

offset and time-of-use GHG offset occurs because HPWH operation is relatively uniform 

throughout the seasons and on- and off-peak times. For this reason, and because the HPWH 

was not analyzed for reducing peak consumption in this study, the annual averaged GHG 

intensity values were used for other locations.  
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Appendix E: Sensitivity study of payback period 

 

The PBP was studied in a sensitivity analysis to determine the impact of the dependent 

parameters on the calculation. The EWH capital cost, space cooling COP, and space 

heating system parameters were varied to determine their average impact on the PBP for 

the HPWH and the SAHPWH across the climate zones. The values studied as well as the 

base case value are shown in Table E. 1. 

Table E. 1: Sensitivity analysis of PBP parameters 

Parameter Base Case 

Value 

Sensitivity 

Value 

Average Effect 

on SAHPWH 

PBP 

Average 

Effect on 

HPWH PBP 

Capital Cost EWH 

(CAD) 

415.06 629.76 -4.1% -14.4% 

Space Cooling COP 3.5 3 -2.1% -5.0% 

Space Cooling COP 3.5 4 2.4% 3.9% 

Space Heating EF and 

Fuel Type 

1, electric 2, electric 4.7% -28.0% 

Space Heating EF and 

Fuel Type 

1, electric 0.67 natural gas 4.4% -27.1% 

Space Heating EF and 

Fuel Type 

1, electric 0.67, natural gas* 3.4% -23.3% 

*with a 20% natural gas fuel cost increase 
 

The analysis of PBP variation shows that HPWH was more sensitive than SAHPWH to all 

dependent parameters. This is due to the higher capital and installation costs of the 

SAHPWH as opposed to the HPWH which dominated the PBP calculation.  

The analysis shows that both HPWH and SAHPWH had a decreased PBP when the space 

cooling COP decreased and an increased PBP for a higher space cooling COP. The base 

space cooling COP value of 3.5 indicates that 3.5 times more energy was delivered than 
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input, whereas a COP of three indicates that three times more energy was delivered than 

input. This means that for lower COP values, more electricity and therefore more cost was 

required to provide the same space cooling, thus the space cooling offset provided by the 

HPWH had a higher cost value for a lower COP. 

When the space heating system was changed to a lower cost system than the electric base 

case, such as a heat pump with an energy factor of two or to a natural gas system, similar 

trends occurred. Both the electric heating system and the natural gas heating system would 

have lower annual space heating costs than an electric system with an EF of one. For the 

HPWH alone, which caused an increase in space heating, cheaper heating costs mean that 

the impact of the HPWH had a lower cost impact on space heating and thus the PBP 

decreased. The opposite occurred for the SAHPWH; because the SAHPWH caused a net 

decrease in space heating costs, the value of the space heating offset due to the SAHPWH 

was greater when the efficiency of the system was lower. Increasing the efficiency of the 

system decreased the overall operating cost and thus the value of the space heating benefit 

from the SAHPWH. The trends for space conditioning system efficiency for the SAHPWH 

and HPWH are shown in Table E. 2. 

Table E. 2: Space conditioning systems that minimize HPWH and SAHPWH payback periods 

  Space Heating System 

  Efficient Inefficient 

Space Cooling 

System 

Efficient 
Max SAHPWH 

PBP 

Max HPWH 

PBP 

Inefficient 
Min HPWH 

PBP 

Min SAHPWH 

PBP 
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The trends from the sensitivity analysis show that more efficient space conditioning 

systems reduced PBP when negative space cooling externalities occurred, while more 

efficient space conditioning systems increased PBP when positive externalities occurred. 

Thus, for the HPWH alone, PBP was reduced for less efficient space cooling systems and 

more efficient space heating systems, while for SAHPWHs, PBP was reduced for less 

efficient space heating and cooling systems.  

 

 

 


