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ABSTRACT 

The world is fastly adopting building electrification to reduce buildings' greenhouse gas (GHG) 
emissions. Air Source Heat Pumps (ASHPs) are cleaner and more efficient than fossil fuel-based 
systems like furnaces and boilers for heating buildings. The performance of ASHP is highly dependent 
on climatic conditions( i.e. ambient temperature and humidity). When the ambient air temperature drops 
below the sub-zero region, ASHPs face the problems of frosting and high compression ratios. The 
present study investigates the effects of such issues on the performance of an ASHP in Saskatoon, 
Canada. The performance of the ASHP is presented in terms of the Coefficient of Performance (COP), 
and the effects of condensation temperature and frosting on COP are investigated. It is observed that 
the COP drops with the decrease in ambient air temperature. Furthermore, an increase in condensation 
temperature limits the operating range of an ASHP. The greenhouse gas (GHG) emissions from ASHP 
are compared with natural gas heating to determine the environmental impact. 

INTRODUCTION 

Buildings consume about 30% of the energy consumed around the globe (Abergel & Delmastro), 
(Krishnan et al., 2019) and about 40% in developed countries (Krishnan et al., 2021). Heating ventilation 
and air-conditioning (HVAC) systems essential for maintaining indoor thermal comfort consume about 
55% of the building's energy consumption (Ramin et al., 2019), and heating systems specifically account 
for 12% of global CO2 emissions (IEA, 2019). Therefore, transitioning from fossil-fuel-based heating 
systems like boilers and furnaces to cleaner solutions is an essential and practical approach to mitigate 
greenhouse gas (GHG) emissions from buildings. Air-source heat pumps (ASHPs) are heat (and 
cooling) systems that operate on electricity and are more efficient and eco-friendly than fossil-fuel-based 
systems, provided that electricity is generated from clean sources. The Coefficient of Performance of 
ASHP is greater than 1, meaning that ASHPs produce multiple units of heating/ cooling output for one 
unit of input. On the contrary, fossil-fuel systems have a COP in the range of 0.75-0.85 (Staffell et al., 
2012). 
 
ASHPs face performance deterioration in cold climates. The degradation is due to frosting and high 
compression ratios. The moisture in the air freezes on the evaporator when the evaporator temperature 
falls below 0℃ and the dew-point temperature of ambient air. Frosting decreases the evaporator heat 
transfer rate and deteriorates performance. Regular defrosting cycles are needed to maintain the 
operation of ASHP. Defrosting methods include reverse cycle defrosting (RCD) (Huang et al., 2009), 
electric defrost (Zhao et al., 2020), and hot-gas bypass (HGB) (Hu et al., 2015) methods. Extensive 
research has been carried out to improve the defrosting techniques and also develop no-frost strategies 
such as thermal energy storage (Dong et al., 2015), inlet air-dehumidification (Su et al., 2017), solar 
assistance[9], etc. During a frosting-defrosting cycle, the heat pump's performance decreases gradually 
during frost build-up. Furthermore, after considerable frost build-up defrosting cycle starts to consume 
energy to melt frost and is also associated with transient losses (Dongellini et al., 2017.), which needs 
to be accounted for in feasibility studies to determine the efficacy of ASHP accurately. 
 
A typical air-source heat pump is shown in Fig.1. The evaporator (outdoor unit) is used to extract heat 
from the ambient and supply it indoors using a condenser (indoor unit). The evaporation temperature is 
always lower than ambient air to facilitate heat transfer from ambient air to the evaporator. As ambient 
air temperature drops, the evaporator temperature and pressure also drop, increasing the compression 
ratio (ratio of condenser pressure to evaporator pressure) (Cabrol & Rowley, 2012; Liu et al., 2017). 
High compression ratios decrease the efficiency of the compressor resulting in lower COP and high 
refrigerant discharge temperatures at the compressor. The refrigerant discharge temperature at the 
outlet of the compressor should be limited to 115°C  to ensure the safe operation of the compressor (Sun 
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et al., 2021). Substantial research in fields of cascade cycles (Boahen & Choi, 2019), two-stage vapour 
injection heat pumps (Bertsch & Groll, 2008), thermal energy storage (Lin et al., 2022), solar assistance 
(Yang et al., 2021), exhaust air heat pumps (Li et al., 2022), and refrigerant mixtures (Rajapaksha, 2005) 
has been carried out to reduce compression ratio and aid cold climate operation of ASHPs 
 

 
Figure 1: Air-source heat pump layout 

 
Frosting and high compression ratios occur at different operating intervals. Frosting is primarily observed 
when the ambient temperature is between -15°C to 6°C and relative humidity is upwards of 50% [19], 

and high compression ratios are observed when the ambient air temperature drops below -15°C . 
Therefore, it becomes essential to study the combined influence of frosting and compression ratios on 
standard ASHP before making an informed choice on the type of modification to implement to aid cold 
climate operation. 
 
The present study analyses the effect of ambient temperature and relative humidity on the performance 
of an ASHP operating in Saskatoon, Canada. The winters in Saskatoon are harsh, and the temperatures 
are below zero for 37% of the year. Furthermore, the emissions from the ASHP are evaluated against 
conventional natural gas boilers to determine if a large-scale retrofit is feasible to reduce GHG emissions 
from building heating systems in Saskatoon. 
 

METHODOLOGY 

To investigate the performance and GHG emissions of an ASHP in Saskatoon, the thermodynamic 
model of an ASHP is modelled to meet the building heating loads generated from TRNSYS for a small 
office building according to the following assumptions [20-22]:  

• Heat losses and pressure drops in the refrigerant flow lines and heat pump components 

are neglected. 

• Throttling is an isenthalpic process 

• The refrigerant exits the evaporator in a gaseous form with a superheating degree of 5K 

• The refrigerant leaves the condenser in a liquid form with a subcooling degree of 3K 

• The effectiveness of the heat exchangers is 0.75 

Energy balance equations form the basis of the thermodynamic model. Eq. 1-8 represent the energy 
balance equations for the evaporator, compressor, condenser, and expansion valve.  

Evaporator 

�̇�𝑒𝑣  =  𝑚𝑟̇ (ℎ𝑒𝑣𝑜𝑢𝑡
− ℎ𝑒𝑣𝑖𝑛

)                                                                                                                                  (1) 

�̇�𝑒𝑣_𝑚𝑎𝑥  =  𝑚𝑎̇ 𝑐𝑎(𝑇𝑎 − 𝑇𝑒𝑣)                                                                                                                                (2) 

�̇�𝑒𝑣  =  𝜀�̇�𝑚𝑎𝑥                                                                                                                                       (3) 

Condenser 

�̇�𝑐𝑜𝑛  =  𝑚𝑟̇ (ℎ𝑐𝑜𝑛_𝑖𝑛 − ℎ𝑐𝑜𝑛_𝑜𝑢𝑡)                                                                                                                                      (4) 

Compressor 

𝑊𝑐𝑜𝑚𝑝 =  
𝑚𝑟̇ (ℎ𝑐𝑜𝑛_𝑖𝑛−ℎ𝑒𝑣_𝑜𝑢𝑡)   

𝜂𝑖𝑠𝑒𝑛𝑡𝑜𝑝𝑖𝑐∗𝜂𝑠𝑦𝑠𝑡𝑒𝑚
                                                                                                                              (5) 
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𝑊𝑐𝑜𝑚𝑝  =  𝑚𝑟̇ (ℎ𝑐𝑜𝑛_𝑖𝑛 − ℎ𝑒𝑣_𝑜𝑢𝑡)                                                                                                                       (6) 

𝜂𝑖𝑠𝑒𝑛𝑡𝑜𝑝𝑖𝑐  = 𝑓(𝑃𝑒𝑣 , 𝑃𝑐𝑜𝑛 )                                                                                                                                                         (7) 

The 𝜂system is the combination of electrical and mechanical efficiency and is equal to 0.8. 

Expansion valve 

h𝑒𝑥𝑝_𝑖𝑛  =  ℎ𝑒𝑥𝑝_𝑜𝑢𝑡                                                                                                                                                         (8) 

 

The COP of the ASHP is calculated using equations (9-10) 
 

COPno frost = 
�̇�𝑐𝑜𝑛

𝑊𝑡
                                                                                                                                                   (9)        

𝑊𝑡  =  𝑊𝑐𝑜𝑚𝑝  +  𝑊𝑓𝑎𝑛                                                                                                                                                     (10) 

Frost modelling 

The frosting map of a typical ASHP is shown in Fig. 2 (Zhu et al., 2015). The frosting map is classified 
into five regions depending on the ambient temperature and relative humidity. The effects of frosting 
below -15℃ are neglected as the amount of moisture present in the air at such temperatures is very 
small and does not severely affect the performance of ASHP(Shao et al., 2021). To account for the 
performance loss during frosting and defrosting operations, the COP of the ASHP is modified using the 
corrections factors as shown in Table 1 and equation 11.  
 

Table 1: Frosting correction factors (Cf) for different zones presented in Fig. 2 (Shao et al., 2021) 
 

 

 

 

 

 

 

 

 

 

COPfrosting = COPno frost*Cf                                                                                                                                                      (11) 

Building heating loads 

TRNSYS software is used to simulate the building heating loads, which the ASHP thermodynamic model 
uses to calculate the annual performance of the ASHP. The building considered in this study is a 
commercial building with a floor area of 510m2 (Torcellini et al., 2008), and its thermal characteristics 
are as in Table. 2. 
 

Table 2: Building envelope values used in TRNSYS simulation (Eldeeb, 2014) 
 
 

Frosting 
region 

Cf value 

E 0.9 

D 0.86 

C 0.8 

B 0.74 

A 0.68 

Component 
U-value 
(W/m2K) 

Wall 0.204 

Roof 0.252 

Floor 0.279 



 
Figure 2: Frosting map under different operating conditions (Zhu et al., 2015) 

GHG emissions 

GHG gasses like CO2, SO2, NO2, and other organic chemicals are released when fossil fuels are 
burned. Equivalent CO2e is the emission measuring metric that collectively aggregates the emission 
from all the gases into a CO2 equivalent (Asaee et al., 2017). The electricity grid's GHG intensities are 
used to calculate the annual GHG emissions based on the electricity that ASHPs consume. The GHG 
intensity of the electric grid from SaskPower in 2020 was 0.53 kg CO2e/kWh and 0.24 kg CO2e/kWh 
for natural gas heating systems (City of Regina, 2020). 
 

RESULTS AND DISCUSSION 

The following section discusses the annual performance of ASHP and the effects of frosting on the 
performance of ASHP. Furthermore, the number of hours during which the ASHP cannot operate 
because of high discharge numbers is analyzed for different condensation temperatures. Auxiliary 
heating is used to cover the heating load during the non-operational hours of the ASHP. Finally, the 
GHG emissions from the ASHP operation are investigated and compared with that of natural gas 
heating. 

Performance of ASHP in Saskatoon 

An ASHP is simulated for one year (with a time-step of one hour) to meet the heating demand of the 
small office building, as described in the previous section. As depicted in Fig. 3, the COP of the ASHP 
system increases with the increase in ambient temperatures. The rise in COP is due to decreased 
compression ratios. An increase in COP directly results from higher isentropic efficiencies at low 
compression ratios.  
 
Increasing condensation pressure leads to high compression ratios and discharge temperatures. 
Furthermore, the discharge temperature of the refrigerant in ASHP is limited to approximately 115℃. 
Therefore, an increase in condenser pressure decreases the ability of ASHP to operate at lower ambient 
temperature ranges, as seen in Fig. 3. As the condensation temperature increase from 30℃ to 50℃ the 
operational limit of ASHP diminishes from -36℃ to -20℃ ambient temperature. Fig. 4 illustrates the 
number of non-operational hours in each heating season where the discharge temperature exceeds 
115℃ . The non-operative hours increase with the rise of condensation temperature.  
 
There is a drop in COP as the ambient temperature approaches -15℃, as seen in Fig. 3 since the effects 

of frosting become significant from -15℃ to 6℃. Frosting-defrosting cycles increase the energy 

consumption by 11% when the heat is supplied at a 30℃ condensation temperature and about 20% 
when ASHP operates at a condensation temperature of 50℃. The difference in frosting energy 

consumption is as, at 30℃ condensation temperature, the operational envelope is relatively larger, 

extending to an ambient temperature of -36℃ compared to -20℃ ambient temperature at 50℃ 
condensation temperature. Since the effects of frosting are negligible above -15℃, the increase in 

energy consumption is more pronounced for 50℃ condensation temperature. 



 
 

Figure 3: COP variation with ambient air temperature for condensation temperatures of 30℃, 40℃, 

and 50℃. 

 
Figure 4: Number of hours where the discharge temperature exceeds 115℃  for condensation 

temperatures 30℃- 50℃ 
 

GHG emissions 

High discharge temperatures limit the heat pump operation, as discussed in the section above. 
Therefore, auxiliary heating systems such as electric or natural gas are needed to cover the heating 
load during the non-operational hours of the ASHP. ASHP + electric auxiliary, ASHP + natural gas 
auxiliary, and the base case of natural gas heating are the three heating methods under investigation 
for GHG emissions; Fig. 5 demonstrates the control strategy of heating system operation. The 
condensation temperature of the ASHP is set to be 50℃ to perform the GHG emission comparison study 
 
Table. 3 compares the GHG emissions for the three heating modes under consideration in the present 
study. The total heat demand of the building throughout the year is 70.15 MWh, 63%, i.e., the ASHP 
supplies 44.2 MWh while the remaining is provided by auxiliary heating. The average COP of the ASHP 
during its period of operation is 1.77. Therefore, the ASHP would consume about 24.9 MWh of energy. 
The COPs of natural gas and electric heating are 0.85 and 1, respectively and they supply remaining of 
the 25.9 MWh of heating demand. 
 
It is evident from Table. 3 that a large-scale retrofit of ASHPs in the city of Saskatoon would increase 
the amount of GHG emissions. The unfavourability is mainly because of the low performance of ASHPs 
in cold climates and the GHG emission intensities of the electric grid. The all-electric system emits 39% 
more emissions than the conventional natural gas system, while ASHP + natural gas auxiliary increases 
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emission by 5% from the base case. However, the GHG intensity of the electric grid is projected to 
reduce in the future as Saskatoon is trying to decarbonize the electricity grid by switching to wind and 
solar power (Saskatoon’s Actions for Climate Change Mitigation, 2019). Reduction in GHG emissions 
will favour the ASHP retrofit. 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 

 

 
Figure 5: ASHP operation strategy 

 
Provinces like Quebec, Manitoba, and British Columbia harvest their electricity from renewable sources, 
leading to low GHG emission intensities from the electric grid, which would favor an ASHP retrofit (Asaee 
et al., 2017). 
 

Table 3: GHG emission comparison  
 

Mode of 
operation 

Annual electricity 
consumption in MWh 

Total natural gas 
consumption in 

MWh 

GHG 
emission in 

tonne 

Deviation from 
natural gas 

heating 

ASHP + electric 
auxiliary 

50.8 
24.9-ASHP + 25.9-

Electic auxiliary 
NA 27.49 + 38.8% 

ASHP + natural 
gas auxiliary 

24.9 30.5 20.8 + 5.04% 

Natural gas NA 82.6 19.8 NA 

 

The present situation might present an unfavourable case for an ASHP retrofit. However, municipal 
authorities are working continuously towards adding more renewable energy to the electricity grid, 
reducing the GHG intensity of the electric grid. For example, if we assume a conservative GHG intensity 
of the electricity grid as 0.4 kg CO2e/kWh, the emissions from ASHP + natural gas auxiliary for the 
building under consideration would be 17.28 tonnes of CO2e, which is 13% lower than the natural gas 
heating system. That is 4.94 kg CO2e/year.m2 saved using ASHPs. Hence, we can achieve tremendous 
GHG emission savings using ASHPs. 
 

CONCLUSION 

An ASHP is modelled to supply heat to a small office building in Saskatoon, Canada. The operation of 
ASHP in Saskatoon is challenging because of the harsh cold climate. In a cold environment, ASHP 
faces the problems of frosting and high discharge temperatures. COP correction factors included in the 
model account for the frosting and defrosting performance losses. The value of the correction factor 
depends on the severity of the frosting. The performance and the GHG emission from ASHP operation 
were investigated in the present study, and the conclusions are as follows: 
 

Heating control 
strategy 

Discharge 
temperature < 115℃ 

Discharge 
temperature >= 

115℃ 

Auxiliary heating  
(Electric/ Natural 

gas) 
ASHP 



1. The performance of the ASHP is dependent on ambient temperature and relative humidity. The 

compression ratio plays a vital role in determining the working envelope and COP of the ASHP 

2. Discharge temperature decrease with the decrease in condensation temperature. The 

operational envelope of an ASHP can be extended to -36oC by operating the ASHP at a 

condensation temperature of 30oC. 

3. The frosting has a significant effect on performance and causes a performance loss of 11% - 

20% compared to a no-frost operation 

4. The current GHG intensity of the electric grid in Saskatoon does not favour an ASHP retrofit, as 

retrofit increases the GHG emissions. However, the GHG emission intensity is projected to 

reduce in the future, selecting ASHP retrofit. 
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Symbols 

 

 
Subscripts 

 

 

c: specific heat (
kJ

kg.K
) 

Cf: frosting correction 

factors 

COP: coefficient of 

performance 

h: specific enthalpy 

(
kJ

kg
) 

ṁ : mass flow rate 

(
kg

s
) 

�̇� : heat transfer rate 

(kW) 

T:  temperature (K) 

 

 a: air 

r: refrigerant 

comp: compressor 

con: condenser 

eva: evaporator 

exp: expansion valve 

in: inlet 

o: outlet 
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