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Abstract: Heat Pumps are becoming one of the most considered mechanical conditioning equipment
in our buildings. While they are popular, there appears to be quite a vast range of system types and
applications in building conditioning. This paper primarily reviews the literature on heat pumps,
the various types, and the consideration of design end uses. The fact that there are different energy
sources for heat pumps is considered, as well as the different sinks in which energy is stored or
dissipated. It is evident that advanced heat pump systems cater well to the use of renewable energy
resources. Therefore, in the move towards net-zero energy building operation, the correct selection
of a heat pump can help to increase self-consumption of solar PV generation and even make use of
direct solar energy heating. This paper reviews the technologies for heat pump selection, application,
and design for residential buildings.

Keywords: end uses; energy sources; energy storage; heat pumps; residential buildings

1. Introduction Why Heat Pumps?

Our world is facing two main problems: energy challenges and climate change [1–3].
The building sector, especially the residential sector, dramatically contributes to energy
use and greenhouse gas (GHG) emissions. The residential sector represents 25.4% of
final energy use and 20% GHG emissions in the European Union (EU) [4,5]. Similarly, in
Australia, fossil fuels provide approximately 94% of the country’s energy consumption,
and 11% of the country’s total energy consumption is represented by the residential
sector [6]. Space heating, cooling, and hot water heating contribute about 65% of total
energy consumption in Australian households [7]. To alleviate the impact caused by the
energy crisis and climate change, the EU Parliament and Council have enacted several
directives and rules which aim to reduce GHG emissions by 90% by 2050 [8]. In addition,
the Australian government has ratified and signed the Kyoto Protocol, which commits to
reducing GHG emissions by 60% by 2050 compared to 2000 levels [9].

The heat pump, a well-established and very efficient technology, is essential for
reducing energy consumption and emissions, improving the energy efficiency of buildings,
and contributing to the decarbonisation of the energy sector [10,11]. This is because a heat
pump generates thermal output several times higher than the energy input and uses energy
sources such as underground thermal mass or ambient air. In addition, heat pumps are
now starting to use natural refrigerants, such as propane (R290), carbon dioxide (R744), and
isobutane (R600a), in the heating and cooling sector [12,13]. Natural refrigerants have long
been regarded as the optimal, environmentally friendly refrigerants and the best solutions
to the problems of ozone depletion and global warming [14,15] because they naturally exist
in our environment and have low global warming potential (GWP) and no ozone depletion
potential (ODP). The GWP measures the relative degree to which particular a gas in the
atmosphere absorbs heat compared to an equivalent mass of carbon dioxide over a given
amount of time. The ODP measures the ozone-depleting effect of a gas in comparison to
an equivalent mass of R11 [16].
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Another reason for adopting heat pumps is that they are one of the most promising
technologies to use intermittent renewable energy sources. In Australia, rooftop solar
photovoltaic (PV) systems are being installed rapidly in local households. Disparities
between PV production, household energy demands, and low feed-in tariffs (FiTs) are
major concerns of the owners of solar PV systems [17]. Increasing the self-consumption of
PV electricity is becoming a priority for households. Self-consumption is the portion of
the total PV production consumed by house loads [18]. Heat pumps can help to boost PV
self-consumption by converting electrical energy to heat, rather than exporting it to the grid,
and storing the surplus as thermal energy for later use [19], thereby helping to achieve Net
Zero Energy Buildings (NZEBs). The utilization of environmentally friendly and energy-
efficient technologies, such as heat pumps, is one important element in achieving the
decarbonisation of the energy sector and increasing the self-consumption of PV electricity.

Even though heat pumps have become the most commonly used technology in newly
constructed dwellings in many countries, they only meet 5% of worldwide building heating
demand at present [20]. In order to accomplish climate objectives, residential heat pumps
will need to expand by more than tenfold from 20 million in 2015 to 253 million by 2050 [21].
Fortunately, policy makers are becoming aware of the potential of heat pumps to achieve
a sustainable energy future. For example, to further reduce the use of fuel-based heat
systems, the Chinese government implemented the policy of “coal-to-electricity” several
years ago [22]. Under this policy, air-source heat pumps are selected and promoted, and
residents who engage in the “coal-to-electricity” initiative receive financial support and
preferential electricity prices from the government. Australian State Governments also
provide incentives for switching from electric and other less-efficient water heaters to more
efficient water heaters such as heat pumps or solar water heaters. For instance, Victorians
can receive a 50% rebate of up to AUD 1000 on solar or heat pump hot water systems
under the Solar Homes Program [23]. So, the sales of heat pumps are expected to grow
rapidly. However, the question is that, since there is a vast range of heat pumps, each with
its advantages and disadvantages, which heat pump should be selected for residential
buildings?

Therefore, this paper is a systematic literature review of all different heat pump
systems applied in the residential sector and their roles in achieving the NZEBs target
and decarbonizing the energy sector. We identify several heat sources and sinks that heat
pumps can exploit. Heat pump applications are covered, such as heat pumps paired with
thermal storage systems and heat pumps integrated with solar PV systems for cost savings
and increased PV self-consumption. Environmental and economic aspects of heat pumps
are also discussed. Finally, conclusions and suggestions are drawn.

2. Method

A comprehensive search of the literature from the last two decades was systematically
reviewed to assist heat pump selection, application, and design for residential buildings.
Google Scholar was the leading search engine used to find articles. The keyword “heat
pump” was used to search, and articles were selected if the keyword appeared in the title.
Figure 1 shows the number of publications grouped by year. It illustrates that approxi-
mately 1000 papers focusing on heat pumps have been published each year since 2008.

The following criteria were used to limit the number of papers.

(1) Paper published only in the peer-reviewed journals or conferences,
(2) Papers published after 2001,
(3) Papers that evaluated the performance of heat pumps through simulations, or empiri-

cal analysis in residential buildings, and
(4) Papers that performed techno-economic analysis and comparisons on heat pumps

under different climates.

The primary aim of this paper is to review the literature on heat pumps, the various
types, and their design end uses. As such, papers that evaluated heat pump components
and their applications were also selected. Moreover, articles citing the selected papers were
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assessed and kept if the content is highly relevant to the heat pump and its applications. In
addition, some web pages with information related to heat pumps are also referenced in
this paper. However, we only used government, research centre, or university websites
and avoided using other online websites.
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Figure 1. The number of publications with “heat pump” in the title.

3. Heat Pump Basic Overview
3.1. Basic Refrigeration Cycle

A heat pump is a device that absorbs heat energy on a low-temperature side, cooling
that side, and transfers it to a high-temperature side, heating it [24]. The heat transfer is
accomplished by circulating a refrigerant, compressed to heat it and expanded to cool it. As
a liquid, the refrigerant evaporates in a low-temperature heat exchanger taking heat from
the surroundings. The vapour is compressed and then condenses in a high-temperature
heat exchanger releasing heat to its surroundings (see Figure 2).
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Figure 2. The schematic of a basic refrigeration cycle.

Four main components are included in heat pumps: compressor, expansion valve, and
two heat exchangers (evaporator and condenser). Several other components may be used
in heat pumps based on different designs. These are four-way valves, solenoid valves, flat
plate heat exchangers, shell-in-tube heat exchangers, suction line heat exchangers, control
valves, water pumps, electrical fans, auxiliary heaters, water pipes, and so on.

Heat pumps use two heat exchangers to exploit the property of heat to flow from a
hotter to a cooler body. The refrigerant in one heat exchanger, the evaporator, is cooler than
its surroundings and so absorbs heat from a source. The source is cooled. In the other, the
condenser, the refrigerant is hotter and expels heat to a cooler sink.

Heat pumps rely on the fact that the environment of one heat exchanger is vastly
and abundantly larger than that of the other. This large environment could be air, water,
ground, solar energy, or even industrial waste heat. The other heat exchanger is in the
environment to be heated or cooled. For example, in domestic hot water (DHW) systems,
we may draw the heating energy from the air (the source) and deliver it to the sink (the hot
water tank). The heat source and sink selection for a heat pump rely on several different
aspects, such as location, climate, and source availability.
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The heat pump follows a four-stage cycle, compression, condensation, expansion, and
evaporation. The refrigerant undergoes a phase change as it absorbs heat from the source.
Later, reversing the phase change, the heat is transferred to the sink, such as air and water
for space and hot water heating. Furthermore, by using a four-way valve to reverse the
refrigerant flow, the heat pump can also absorb heat from an interior space and transfer it
to the outside sink, making space cooling possible. The operating principles of the basic
refrigeration cycle for space heating are explained as follows [8]:

(1) In the compression stage, the vapour state refrigerant is compressed, increasing its
pressure and temperature.

(2) In the condensation stage, the high-temperature vapour refrigerant flows to the
condenser, where the heat flows to the sink. The refrigerant becomes a liquid but is
still at high pressure and temperature.

(3) The refrigerant pressure and temperature are reduced in the expansion stage as it
flows into an expansion valve.

(4) In the evaporation stage, the cold liquid refrigerant is vaporized into a cold vapour re-
frigerant by absorbing heat from the source. The refrigerant flows into the compressor
for the next cycle.

Work is done to compress the refrigerant. As energy is conserved, the heat absorbed
on the low-temperature side augmented by the work equals the heat released on the
high-temperature side:

QL + W = QH (1)

where
QL is the heat from the source;
QH is the heat released to the sink;
W is the work required.

Heat pumps are characterized by the Coefficient of Performance (COP), defined as the
ratio of the heat flow of interest to the work required. For heating,

COPheating =
QH
W

=
QL + W

W
(2)

and for cooling,

COPcooling =
QL
W

(3)

For completeness, although less relevant to heat pumps, the Carnot, or ideal efficiency
of a heat engine, is the ratio of the work done by the engine for a given heat input:

η =
W
QH

=
QH −QL

QH
= 1− QL

QH
= 1− TL

TH
(4)

where
TH is the absolute temperature of the heat source of the engine;
TL is the absolute temperature of the low temperature exhaust.

3.2. Heat Pump Components

Several other components can be applied to the heat pump based on different designs
and improvements. This section introduces the details of a four-way valve, heat exchangers,
including plate heat exchanger, shell-in-tube heat exchanger, and the suction line heat
exchanger.

3.2.1. Four-Way Valve

A four-way valve is probably the component which distinguishes a heat pump from
the conventional refrigeration cycle. It has been extensively used in the heat pump system
design to obtain more than one operation mode because it can reverse the flow direction of
the refrigerant in a heat pump. For example, in a basic heat pump, heat can be moved from
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the exterior space to the interior in space heating mode or removed from the interior space
to the exterior in space cooling mode by using four-way valves.

3.2.2. Heat Exchangers

Heat exchangers are devices that transfer heat between two or more fluids at different
temperatures. They are utilized in various applications, including refrigeration, heating,
air conditioning systems, and so on. Thermal energy flows via three different methods,
conduction, convection, and radiation. Convection is used to transfer thermal energy in
the evaporator and condenser coils of the basic heat pump refrigeration cycle. Flat plate
heat exchangers and shell-in-tube heat exchangers are two common heat exchangers that
transfer heat via conduction. The flat plate heat exchanger is composed of a set of connected
plates (see Figure 3), and each flat plate contains four inlet and outlet ports and seals that
route the fluid through alternate flow paths. The flow tunnels are formed by adjacent flat
plates, allowing the two fluids to exchange heat while passing through alternate channels
and never mixing [25].
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Figure 3. The schematic of the flat plate heat exchanger.

A shell-in-tube heat exchanger is made up of a series of tubes placed inside a shell
(see Figure 4). There are two inlets and two outlets, where two fluids can start at their
respective inlet and exit the heat exchanger at their outlets. One fluid flows through the
tubes, while the other flows outside the tubes but within the shell. Then, the heat is
transmitted between two fluids via tube walls. The baffles within the heat exchanger aim
to prevent the fluid’s back flow and ensure that the fluid can contact all the tubes within
the shell, thus maximizing heat transfer efficiency [26]. It is claimed that the shell-in-tube
heat exchanger has a higher COP than the flat plate heat exchanger used in the condenser
side of heat pump systems.
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3.2.3. Suction Line Heat Exchanger

A suction-line heat exchanger, also called an internal heat exchanger, can be used
in the refrigeration cycle (see Figure 5). It is designed for the gas refrigerant exiting the
evaporator to absorb heat from the liquid refrigerant leaving the condenser. Furthermore,
a suction line heat exchanger prevents the liquid refrigerant from entering the compressor
by boiling off any excess liquid in the suction line, improving the system performance [28].
A study of the suction line heat exchanger and R290 on room air conditioning (RAC)
performance showed that the suction line heat exchanger could increase energy savings
and the COP by up to around 28% and 38%, respectively, compared to the standard RAC
system with R22 as the refrigerant [29].
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4. Classification of Heat Pumps

Heat pumps may be classified by several different features, such as the types of heat
sources and sinks, their functions, applications, and types of energy used. The types of
sources and sinks used by heat pumps include water, air, ground, solar energy, or even
industrial waste heat. Heat pumps can provide three main functions: space heating and
cooling, and hot water heating in the residential and commercial sectors. In addition, they
can be used in the industrial sector for drying, food preparation or paper manufacturing,
amongst other uses. Electrical, mechanical, and thermal energy are the three main energy
categories employed to drive heat pumps based on different design configurations.

The following sections describe the most common heat pumps in residential buildings:
air source heat pump, water source heat pump, ground source heat pump, solar-assisted
heat pump, cascade heat pump, and two-stage heat pump. These heat pumps are elec-
trically driven devices that can provide space heating, space cooling, and DHW heating
purposes for residential buildings. Thermally driven heat pumps are also used in the
commercial sector.

4.1. Air Source Heat Pump (ASHP)

For air source heat pumps, air is the fundamental heat source. Air source heat pumps
consist of air-to-air or air-to-water heat pumps. They have been widely used for heating,
cooling, and DHW heating because of their simple operation, high system performance,
and good environmental characteristics [30]. ASHPs can replace fossil fuel boilers directly,
thereby decarbonizing the residential sector’s space and water heating needs. A study
in the UK showed that an ASHP used for underfloor heating could save up to 37% of
costs and GHG emissions compared with a conventional boiler system [31]. Furthermore,
ASHPs have been considered the best option for China’s national “coal to electricity” policy
because of their energy savings and environmental friendliness [22].

4.1.1. Air-to-Air Heat Pump

The air-to-air heat pump is the most common system used in residential and com-
mercial applications (see Figure 2). In this system, one heat exchanger coil works as the
evaporator to extract heat from the ambient air, and the other works as the condenser
to dissipate heat to the ambient air. It is important to note that the evaporator coil will
be used for cooling in the summer, and the condenser coil for heating in the winter. A
study was conducted to investigate the performance of an air-to-air heat pump, for space
heating in Harbin, with an extremely cold climate [30]. The results indicated air-to-air heat
pumps could be applied for heating purposes, but for an acceptable COP, the temperature
difference between indoor and outdoor air must be kept within 41 ◦C. Climatic conditions
can significantly impact the performance of air-to-air heat pumps. An investigation was
conducted to analyse the impact of climate on the seasonal coefficient of performance
(SCOP) of air-to-air heat pumps [32]. The results indicated that the difference in SCOP of
air-to-air heat pumps between Poland’s average and cold climates was approximately 36%.
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4.1.2. Air-to-Water Heat Pump

Air-to-water heat pumps commonly called heat pump water heaters (see Figure 6),
are used in the residential sector to produce hot water. Ambient air works as a heat source
in this system, and water acts as a heat sink. Air-to-water heat pumps have been highly
regarded for residential heating and occupy a growing share in the European heating
market [33]. A techno-economic feasibility study of an air-to-water heat pump retrofit for
space and hot water heating was carried out in Canadian housing stock [34]. The study
found a maximum 36% reduction in energy use and a 23% decrease in GHG emissions of
base cases that normally consumed large amounts of fossil fuels for heating purposes. The
performance of an air-to-air heat pump and an air-to-water heat pump for space heating
was compared in the cold regions of China [22]. The results indicated that air-to-air heat
pumps have a greater heating capacity than air-to-water heat pumps in low-temperature
conditions. This may be because the limited thermal capacity of water tanks restricts the
operation time of the air-to-water heat pump, and a higher condensation temperature of
the air-to-water reduced its COP compared to the air-to-air heat pump at low-temperature
conditions.
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The effectiveness of ASHPs decreases as the ambient temperature drops in cold
conditions. This is because less heat energy can be absorbed by the evaporator from the
ambient air when the ambient temperature is low in winter [35]. In addition, frost formation
is another major concern in selecting an ASHP. During the heating season, when the surface
temperature of the evaporator coil is below 0 ◦C, frost forms regularly. Frosting on the
evaporator coil obstructs airflow and functions as a heat barrier, leading to a significant
reduction in system performance [36]. Furthermore, frost can cause the liquid refrigerant
to flood back into the compressor, causing space heating to fail. To achieve a better system
performance, many studies have focused on the defrost mode of ASHPs. Main strategies
include: (1) using an external heat source to heat the evaporator coil, (2) reversing the
refrigeration cycle by using the four-way valve, or (3) adding the Dual Hot-Gas Bypass
Defrosting to the outlet of the compressor [36,37]. Table 1 presents the summary of studies
of ASHPs.
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Table 1. Summary of studies of ASHP systems.

References System Designs Performance

[30]
Air-to-air heat pump
Load: space heating

Region: Harbin, China

COP: ranging from 1.04 to 2.44 with extremely cold
climates (ambient temperatures of −20.9 ◦C to 10.4 ◦C)
Frost formation: little frost formation on the outdoor

evaporator due to low relative humidity

[32]

Air-to-water heat pump
Load: space heating

and DHW
Region: the UK

The cost and GHG emission of an 8.5 kW heat pump
with a 300 L thermal energy storage system operating on
E10 electricity tariff are 37% less than a gas boiler system.

[34]

Air-to-water heat pump
Load: space heating

and DHW
Region: the Canada

COP: ranging from 3.2 to 3.6
Approximately 36% of energy use and 23% of GHG

emissions can be reduced by adopting air-to-water heat
pumps in the Canadian housing stock.

[35]

Air-to-water heat pump
Load: space heating
Region: the northern

region in China

COP: 3.1 in heating season
Primary energy consumption: 68% less than direct
electric heating, 48% less than regional coal-fired

boiler heating
Initial costs: ASHPs have the lowest initial costs

compared to other devices after considering both
heating and cooling.

Running costs: 60% less that direct electric heating

[36]
Air-to-air heat pump
Load: space heating

Region: Not specified

COP: ranging from 1.5 to 3.0
At the ambient temperature of 2 ◦C, using a 1 kW

electric heater heating evaporator coil can increase the
heating capacity and the COP by 38% and 57% and
reduce the power consumption by 11.7% than the

conventional air-to-air heat pump.

4.2. Water Source Heat Pump (WSHP)

Water can be a good heat source and sink in heat pumps because water has a signifi-
cantly higher density and approximately four times greater specific heat capacity than air.
It can contain considerably more energy per volume than air. Therefore, water also has
a smaller temperature range than air. Water source heat pumps include water-to-air and
water-to-water heat pumps.

4.2.1. Water-to-Water Heat Pump

Water works as both the heat source and sink in water-to-water heat pumps for
heating or cooling (see Figure 7). Again, because the water has better heat transfer and
thermal properties, the COP of heat pumps using water as a heat source can be greater
than using air because the refrigerant can absorb more heat in the evaporator side of heat
pumps. An experimental multifunctional heat pump system was proposed to investigate
the performance variation of four different heat pumps using air and water as the heat
source and sink for heating purposes [38]. The results showed that water to air and water
to water heat pumps yield the two highest COP of 3.94 and 3.73 greater than 3.54 and 3.4 of
an air-to-air heat pump and air-to-water heat pump. Water-to-water heat pumps can also
be integrated into domestic water networks for heating purposes. Greater control, centrally
managed maintenance, redundancy, and adaptability are advantages of this system [39];
disadvantages may include the risk of water contamination and high investment costs.
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Figure 7. The schematic of the water-to-water heat pump.

4.2.2. Water-to-Air Heat Pump

Water-to-air heat pumps use water as a heat source or sink and employ air to transfer
the heat for heating or cooling. Water can be groundwater extracted from wells or surface
water extracted from ponds, lakes, or rivers. Buildings close to these surface water bodies
can take advantage of the benefits of exploiting these water sources. Groundwater is partic-
ularly appealing as a heat source or sink due to its year-round constant temperature [39].
In the groundwater heat pump (see Figure 8), water is generally drawn from one well and
injected into another well.
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Surface water heat pumps (SWHPs) are classified into two types: open-loop and
closed-loop. In the open-loop system (see Figure 9a), Water from the river or lake is
pumped through the heat exchanger of heat pumps and returned to the rivers or lakes
at a distance. In the closed-loop system (see Figure 9b), a heat exchange coil is typically
installed in the surface water body instead of directly pumping surface water to the heat
pump. Therefore, the antifreeze solution in the coil can exchange the heat with surface
water before entering the heat pump. Then, the heat pump absorbs or releases heat from/to
the air in the conditioned space.
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The relatively low initial cost due to the reduced excavation cost and low operation
cost can be two main advantages for closed-loop surface water heat pumps [39]. Significant
water temperature variation under different climates can be a disadvantage for both open
and closed systems [40]. On the other hand, water quality must be considered for both
open-loop SWHPs and groundwater heat pumps because the heat exchanger between the
refrigerant and ground/surface water can become fouled, corroded, or blocked.

Several studies have investigated the COP or energy performance of WSHPs. For
example, An open-loop SWHP system used for a historical centre in Venice was monitored
and compared with an ASHP system, an air-cooled chiller, and a boilers system [41].
The results suggested that this WSHP system saved about 37% of energy consumption
compared to conventional systems. Accordingly, WSHPs generally have a higher COP
than ASHPs, because water has better heat transfer and thermal properties. An open-loop
lake water heat pump used for district heating and cooling was examined and compared
with an ASHP at the same heat source and sink temperatures [42]. The results indicated
that this heat pump could satisfy buildings’ heating and cooling demands, but auxiliary
heating devices were required on several cold days. Table 2 present the summary of studies
of WSHPs.

Table 2. Summary of studies of WSHP systems.

References System Designs Performance

[38]

Water to-air, Water-to-water,
Air-to-water, Air-to-air

heat pump
Load: heating, cooling

and DHW,
Region: Turkey

COP: 3.94 for water-to-air, 3.73 for
water-to-water, 3.54 for air-to-air, 3.40 for

air-to-water

[41]

Open-loop SWHP
Load: space heating, space

cooling and DHW
Region: Venice, Italy

COP: The average COP of the SWHP is 3.66,
which is 36% higher than ASHP in the

heating season.
Energy efficiency ratio (EER): The average EER
of the SWHP is 4.13, which is 14% higher than

ASHP in the cooling season.
Primary energy consumption: 37% of annual

energy savings can be achieved by SWHP
compared to traditional systems.

[42]

Open-loop Lake water
heat pump

Load: district heating
and cooling

Region: Xiangtan, China

COP: 0.7–0.85 higher COP in cooling mode and
around 0.46 higher in the heating season than

the ASHP system
Payback period: 5.6 years is obtained for this

heat pump compared to the ASHP units.

4.3. Ground Source Heat Pump (GSHP)

The ground is widely used as a heat source and sink in heat pumps for space heating
and cooling due to its relatively stable temperature compared to the ambient air tempera-
ture [43]. The ground has been considered as one of the world’s most efficient renewable
energy sources as it is environmentally friendly, long-lasting, appropriate for storage, and
available throughout the day [44]. The ground-coupled heat pump (GCHP), the direct ex-
pansion ground source heat pump (DX-GSHP), and the groundwater heat pump, discussed
above, are the three types of ground source heat pumps.

4.3.1. Ground Coupled Heat Pump (GCHP)

The ground is used as a heat source or sink in a GCHP system. The ground heat
exchanger (GHE) and a refrigerant-to-water heat exchanger are used in GCHP systems.
As the secondary working fluid, water and antifreeze solutions are pumped through the
GHE, exchanging heat with the surrounding soil or rock and then flowing back to the
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refrigerant-to-water heat exchanger in the heat pump system [45]. The GHE can be placed
in a horizontal trench around one to two meters deep for horizontal GCHPs (see Figure 10a).
Consequently, a significant amount of land area is required, which can be a problem for
some cases with insufficient land. Moreover, because of the shallow burial depth, the heat
exchange rate between solutions and the surrounding soil or rock is sensitive to seasonal
variations [46]. The low installation costs and ease of maintenance are two advantages of
horizontal GCHPs compared to vertical GCHPs [47].
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Alternatively, GHEs can also be placed vertically in boreholes at a depth of around 50
to 150 m for GCHPs (see Figure 10b). Vertical GCHPs are more feasible than horizontal
in high-density housing areas because the land area needed is much less [48]. High
installation costs from borehole drilling can be the main obstacle for vertical GCHPs [49].
However, because the ground lower than ten meters has a relatively constant temperature
throughout the year, vertical GCHPs can yield a higher system performance than horizontal
GCHPs [50].

Many studies have been conducted to investigate the effectiveness of GCHPs, examin-
ing the COPs of GCHP systems with horizontal GHEs and vertical GHEs for greenhouse
heating in a mild climate zone. The results indicated that the GCHP system with vertical
GHEs yielded a higher COP than horizontal GHEs, but at a significantly increased cost due
to drilling boreholes, which can be a disadvantage for installing vertical GHEs. To better
improve the COP of horizontal GCHPs, an evaluation of the performance of GCHPs with
horizontal GHEs configurations in a hot climate zone illustrated that increasing the length
of GHEs can increase the heat exchange rate and the COP of systems, but its increase is not
linear [51].

4.3.2. Direct Expansion-Ground Source Heat Pump (DX-GSHP)

In the DX-GSHP system, the refrigerant is directly pumped through the borehole heat
exchanger and exchanges heat with the surrounding soil (see Figure 11). That means bore-
hole heat exchangers work as an evaporator in the space heating mode or as a condenser
in the space cooling mode. DX-GSHP systems have the advantages of lower initial costs
and higher system performance than conventional vertical GCHPs.

A DX-GSHP was compared with a vertical GCHP system for the same space cooling
in a residential building located in Changsha, China, with a moist sub-tropical monsoon
climate [52]. The results showed that the DX-GSHP system has higher efficiency and lower
cost compared with conventional heating and cooling systems, and its COP was over 6,
higher than 5.6 of the GCHP system.

On the other hand, DX-GSHPs have significant drawbacks, such as large refrigerant
requirements, potential leaks of refrigerant and metal corrosion. It is suggested that the
metal used for refrigerant piping must be resistant to both the refrigerant and the grouting,
which is used in the borehole heat exchanger and surrounds the piping [53].
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GSHPs can perform better than ASHPs in extreme conditions because the ground
has a more constant temperature throughout the year [54], Furthermore, soil composition
can significantly impact the thermal properties and productivity of GSHPs because it
determines the heat transfer rate. For better heat transfer rate of horizontal GSHPs, the
separation between pipes is critical and must be sufficient to avoid thermal interference
between parallel pipes [55]. Long-term ground temperature changes caused by heat
accumulation or depletion can degrade the efficiency of GSHPs [56]. Especially in areas
where only heating or cooling is required, ensuring that the amount of heat being extracted
or injected is not higher than the natural regeneration [57]. Another solution is that the
GSHPs should be operated on an intermittent basis, so the accumulated heat can spread
into the earth periodically. The performance of GSHPs with different heat recovery ratios
was simulated and compared to that of the conventional GSHPs during a long period [58].
The results found that, in hot-summer and cold-winter regions, GSHPs with high heat
recovery ratios can alleviate ground thermal imbalance caused by long time operation,
meaning that GSHPs with heat recovery can be a promising approach for buildings in
regions with hot or cold climates. Table 3 presents the summary of studies of GSHPs.

Table 3. Summary of studies of GSHP systems.

References System Designs Performance

[44]

Vertical GCHP
Load: space heating and

space cooling
Region: Tabriz, Iran

Suggestions: The distance between spiral GHEs
needs to be at least 6 m for the system

performance loss less than 20%.
The length of spiral GHEs and the buried depth
from ground surface should be at least 4 m and
2 m, respectively, for better system performance.

[45]

Vertical and horizontal
GCHPs

Load: space heating
Region: Iowa, U.S.

Average COP: horizontal one ranging from 1.81
to 3.71, the vertical one ranging from 1.96 to 3.80.
Costs: median savings of 70–7% in fuel cost for

GCHPs compared to natural gas furnaces
GHG emissions: 45% less emission for GCHPs

than natural gas furnaces.

[47]

Vertical GCHP
Load: space heating and space

cooling
Region: Valencia, Spain

Energy consumption: an average of 26–60% of
energy savings in the heating season and 19 to

45% of energy savings in the cooling season than
the conventional air-to-water heat pump.

[53]

Vertical and horizontal
GCHPs

Load: space heating
Region: Elaziğ, Turkey

COP: 3.1–3.6 for horizontal GCHP, 3.2–3.8 for
vertical GCHP

The vertical GCHP is more efficient than the
horizontal one, but its installation cost is higher.
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Table 3. Cont.

References System Designs Performance

[51]
Horizontal GCHP

Load: space cooling
Borj Cédria, northern Tunisia

COP: The COP of GCHP ranges from 3.8 to 4.5,
and the COP of the overall cooling system

ranges from 2.3 to 2.7.
The exergy efficiency of GHE decreases from 36%

to 12%, with the mass flow rate of circulating
water increasing from 0.06 to 0.20 kg/s.

[52]

DX-GSHP and vertical GCHP
Load: space heating

and cooling
Region: Changsha, China

Average COP: 6.03 for DX-GSHP, 5.64 for
vertical GCHP

Average power consumption: 1.39 kWh for
DX-GSHP and 1.715 kWh for vertical GSHP

Initial cost: The vertical GCHP is 1000 yuan less
than the DX-GSHP system, but the DX-GSHP

has the lower annual cost with a payback period
of 2.13 years against the GCHP.

[54]

Vertical GCHP
Load: space heating

and cooling
Region: Saudi Arabia

COP: 4.4 for the GCHP and 2.3 for the
conventional ASHP

Cost: 34.6% of the annual cost savings on power
consumption than the ASHP

Payback period: 15.6 years compared to
the ASHP

[55]

Horizontal GCHP
Load: space heating

and cooling
Region: Karaj, Iran

COP: 2.7 for the heating COP

4.4. Solar Assisted Heat Pump (SAHP)

In the field of renewable energy, solar energy is regarded as an optimum energy source.
It can be used as a sole heat source for heat pumps or in conjunction with other sources
such as air and ground. Due to different connection approaches of the solar collector
and evaporator, SAHP can be classified as a direct expansion-solar assisted heat pump
(DX-SAHP) and indirect expansion solar-assisted heat pump (IX-SAHP) system. Because
the solar assisted ground source heat pump is not very cost-effective or appealing [59],
only the solar assisted air source heat pump is considered in this paper.

4.4.1. Direct Expansion-Solar Assisted Heat Pump (DX-SAHP)

The DX-SAHP was first introduced in 1955 as a low-temperature solar thermal conver-
sion technology. A DX-SAHP is formed when the refrigerant is pumped through the solar
collector directly and absorbs heat from the solar energy, implying that the solar collector
serves as an evaporator (see Figure 12).
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The solar collector in the DX-SAHP system is usually a flat plate type without any
back insulation so that heat can also be extracted from the ambient air using the solar
collector [60]. The water in the hot water tank works as a heat sink that absorbs heat
from the refrigerant. Consequently, hot water can be produced. The main advantage of
DX-SAHP is that a higher temperature heat can be delivered to heat pumps, and heat
losses can be avoided from the secondary heat exchange due to the refrigerant flowing
directly from the solar thermal collector to the compressor [61]. An investigation of the
system efficiency of a DX-SAHP in the fall and winter showed that, on sunny and cloudy
autumn days, the mean COP was greater than 4 and 3, respectively, and the mean COP in
the most severe winter weather conditions was greater than 2.5 [62]. Solar intermittency,
on the other hand, may harm heat pump system performance. Integrating solar energy
with other sources, such as air or ground, can be a viable solution for this problem.

Another advantage is that the DX-SAHP is more practical under frosting conditions.
The frosting features of a DX-SAHP space heating system was experimentally tested [63].
The results showed that the frost formation on the solar collector was slower than the
heat pump with fin-and-tube heat exchanger, indicating that DX-SAHP is more practical
in freezing conditions. On the other hand, owing to the extensive refrigerant circulation
loop, refrigerant leakage and refrigerant blockage in the evaporator and condenser may
occur [64].

4.4.2. Indirect Expansion-Solar Assisted Heat Pump (IX-SAHP)

IX-SAHP systems are currently one of the most popular designs for SAHP systems
due to their simple hydraulic systems, ease of maintenance, well-developed technology,
and highly reliable performance [65]. IX-SAHP has three design configurations depending
on multiple connection concepts between the solar thermal collector and the heat pump:
series, parallel, and dual-source. For example, in the series configuration (see Figure 13),
the antifreeze solution is pumped through the solar collector and absorbs heat from solar
radiation. Then, heat is stored in the thermal storage tank and later transferred to the heat
pump via a plate heat exchanger (heat pump evaporator).
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The solar thermal collector and heat pump work independently to provide heating
in the parallel system design. This can ensure continuous heat supply even if one of the
two elements breaks down. Solar collectors alone can meet the heating load when there is
enough solar radiation. Heat pumps are used when more heating is needed, or there is
not enough solar radiation. Both solar energy and ambient air serve as heat sources for
the heat pump in the dual-source system. To achieve a higher COP, the heat pump uses
the highest temperature source, either the thermal storage tank heated by solar radiation
or ambient air [66,67]. A greater capital cost and more complex control system may be
required to better drive the dual-source IX-SAHP, given the extensive configuration and
the matching relationship between components [61].

Numerous scholars have carried out studies investigating the performance of IX-SAHP.
A novel IX-SAHP with four heat exchangers was designed and used for space heating,
cooling, and DHW heating [68]. The authors found that this novel IX-SAHP is particularly
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well suited to places with sufficient solar radiation, where space heating, cooling, and hot
water heating are needed throughout the year. A verified theoretical model for a parallel
IX-SAHP system was designed and tested in [69,70]. The results found that the COP of
2.34 and 70% of energy savings could be obtained by this IX-SAHP than conventional solar
hot water system combined with electrical resistance or a direct-fired heater. Moreover, a
novel dual-source IX-SAHP system was developed and integrated with a phase change
material (PCM) storage tank for storing excess energy during the daytime [71]. The authors
discovered that installing a PCM storage tank can significantly affect the system stability
and improve the COP of the IX-SAHP system under different climates with a defined hot
water load profile. Table 4 summarizes the studies of SAHPs.

Table 4. Summary of studies of SAHP systems.

References System Designs Performance

[61]
Parallel and series IX-SAHPs

Load: DHW
Region: Xi’an, China

COP: 4.34 for the parallel system and 3.23 for the
series system

Annual energy consumption: 894 GJ for the
parallel system and 1200 GJ for the serial system

[62]
DX-SAHP

Load: DHW
Region: Qingdao, China

COP: ranging from 2.55 to 6.57, with the average
value higher than 4.0 and 3.0 on sunny and

overcast days of autumn.

[63]
DX-SAHP

Load: space heating
Region: Hefei, China

COP: ranging from 1.50 to 2.23 with different
levels of solar irradiation, ambient temperature,

and relative humidity
Frost formation: Frost forming on the collector of
DX-SAHP is slower than heat pumps with the

fin-and-tube heat exchanger.

[64]

DX-SAHP
Load: space heating, space

cooling and DHW
Region: Shanghai, China

System COP: ranging from 2.1 to 2.7 in the
heating mode, 2.1 to 3.5 in the water heating

mode, and 2.9 for average system COP in
cooling mode

Costs: relatively low running costs during the
entire year

[69,70]
Parallel IX-SAHP

Load: DHW
Region: Athens, Greece

COP: 2.34
Energy consumption: 70% energy savings
compared to conventional solar hot water

system combined with electrical resistance or a
direct-fired heater

[71]
Novel IX-SAHP

Load: DHW
Region: the UK

COP: maximum COP of 4.99 and 4.80 for the
sunny day and cloudy day with PCM tank,

maximum COP of 4.70 and 4.21 for the sunny
day and cloudy day without PCM tank

4.5. Cascade Heat Pump

The cascade heat pump system consists of two refrigerant cycles: the low-stage and
high-stage cycles connected via a cascade heat exchanger. The cascade heat exchanger
works as a condenser for the low-stage cycle and as an evaporator for the high-stage cycle.
An example of a cascade air-to-water heat pump can be found in Figure 14.

The main advantage of the cascade heat pump is that two different refrigerants are
used in two separate cycles, and they can work at their optimum range of operating
conditions. R404A or R410A, having low critical temperatures, are usually used in the
low-stage cycle to absorb heat from the ambient air by evaporation, while R134a or R123,
having high critical temperatures, are generally used as the refrigerant to produce hot water
in the high-stage cycle [72]. The conventional single-stage air-to-water heat pumps suffer
from the declined heating capacity at low ambient temperatures, while the cascade air-to-
water heat pumps can have a smaller compression ratio and lower discharge temperature,
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resulting in higher system performance due to the optimized refrigerant combination and
the cascade heat exchanger [73]. On the other hand, the cascade heat pump cycle is difficult
to reverse to provide space cooling unless a second outdoor coil is added to the system [72].
Table 5 presents the summary of studies of cascade air-to-water heat pump systems.
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[74]

Cascade air-to-water
heat pump

Load: space heating
and DHW

Region: the UK

COP: almost below 2.5
Operating costs: higher than gas boiler and 90%

efficiency oil boilers
Carbon emissions: 14% and 57% less than gas

and oil boilers, respectively

[75]

Cascade air-to-water
heat pump

Load: space heating
Region: China

COP: ranging from 1.70 to 2.48
Operating costs: 17% and 46% lower than the

gas boiler and direct electric heater, respectively
at the ambient temperature of −10 ◦C

Carbon emissions: 2.43 times more than the gas
boiler and 41% less than the direct electric heater

[73]

Cascade air-to-water
heat pump

Load: space heating
Region: Korea

COP: ranging from 1.95 to 3.4

[76]

Cascade air-to-water
heat pump

Load: space heating
and DHW

Region: Korea

COP: ranging from 2.7 to 3.3
Heating capacity: The cascade heat pump has a
higher and more stable heating capacity than the

single-stage heat pump.

A techno-economic assessment of a cascade air-to-water heat pump, retrofitted into the
UK residential buildings for space and DHW heating, was carried out by simulation [74].
The results showed that the cascade air-to-water heat pump yielded a COP lower than
2.5 at ambient temperatures of −11.2 ◦C to 29.5 ◦C, and its operating costs were higher
than gas boilers and 90% efficiency oil boilers, but its carbon emissions were 14% and 57%
less than gas and oiler boilers, respectively. In another study, the energy and economic
performance of a cascade air-to-water heat pump for producing high-temperature water
(75 ◦C) at low ambient temperatures were investigated experimentally [75]. The results
showed that The COP of the cascade heat pump increases as the ambient temperature rises
but decreases as the water supply temperature rises. A numerical and experimental study
of a cascade air-to-water heat pump was conducted to determine the optimum intermediate
temperature [73]. The results found that the optimum intermediate temperature of the
cascade heat pump rises with the increase in ambient and water inlet temperature, as well
as the heating capacity. In addition, the performance of a cascade heat pump water heater
and a single-stage heat pump was experimentally compared [76]. The results found that
the cascade heat pump could achieve a higher and more stable heating capacity than the
single-stage heat pump.
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4.6. Two-Stage Heat Pumps

As previously stated, the COP and heating capacity of conventional ASHPs can
decrease at low ambient temperatures due to the increased compression ratio. The two-
stage heat pump with an intercooler or a sub-cooler (economizer) is another feasible method
to address the problem of the declined performance of ASHPs in cold climates [72]. An
example of a two-stage air-to-water heat pump with a sub-cooler can be found in Figure 15.
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It consists of two compressors (low-stage and high-stage), two expansion valves, a
sub-cooler, an evaporator coil for absorbing heat from the ambient environment, and a plate
heat exchanger for producing hot water. The refrigerant discharged from the low-stage
compressor is mixed with the two-phase refrigerant from the sub-cooler and enters the
high-stage compressor in a saturated vapour state, so the discharge temperature of the
high-stage compressor can be reduced. Moreover, the remaining condensed refrigerant
from the plate heat exchanger is supercooled by the two-phase refrigerant in the sub-cooler
before entering the expansion valve and the evaporator coil so that the COP of the system
can be increased. On the other hand, appropriate control of the two-stage heat pump can be
a challenge [72]. Table 6 presents the summary of studies of two-stage heat pump systems.
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[77]
Two-stage water-to-water

heat pump
Load: district heating

COP: ranging from 2.6 to 4.2.
COP was increased by approximately 23% when
increasing the heat source temperature by 20 ◦C

from a temperature of 10 ◦C.
Heating capacity: dropped by around 2% when
the low stage compressor inlet superheat was

increased by 9 ◦C from 2 ◦C.

[72]
Two-stage ASHP

Load: space heating, space
cooling and DHW

COP: ranging from 3.3 to 4.2 in cooling mode;
ranging from 2.3 to 3.2 in heating mode.

Installation costs: The cost of this two-stage
ASHP is significantly higher than the

single-stage ASHP, but lower than the GSHP.

[78]

Two-stage variable
capacity ASHP

Load: space heating and
space cooling

COP: The cooling COP ranged from 4.7 to 5.7
with the ambient temperature of 34 ◦C to 15 ◦C.
The heating COP ranged from 1.7 to 5.0 with the

ambient temperature of −19 ◦C to 9 ◦C.

A two-stage water-to-water heat pump performance with a sub-cooler used for district
heating was assessed under various operating conditions [77]. The test results discovered
that the COP of the heat pump could be increased with the increase in the heat source
temperature, but the refrigerant flow rate and the heating capacity decrease with the rise in
the superheating at the low-stage compressor. In another study, a two-stage ASHP applied
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for space conditioning and DHW heating was developed and tested [72]. The results
indicated that the heating capacity of the two-stage heat pump is approximately twice that
of the single-stage ASHP, but its installation costs are significantly higher. In addition, a
two-stage variable capacity ASHP was modelled and tested by simulation [78]. The results
showed that the cooling COP ranged from 4.7 to 5.7 when the ambient temperature was
34 ◦C to 15 ◦C, and the heating COP ranged from 1.7 to 5.0 when the ambient temperature
was −19 ◦C to 9 ◦C.

4.7. Thermally Driven Heat Pumps

In addition to electric-powered heat pumps, some heat pumps are driven by thermal
energy, such as absorption and adsorption heat pumps. They can be used in the residential
sector, but most are used in the industrial sector. Absorption heat pumps are thermally
driven devices that recover heat from a low-temperature heat source to a high-temperature
sink for space heating, cooling, and hot water production, realizing waste heat recovery
and utilization [79]. This system mainly consists of a generator, an absorber, an evaporator,
a condenser, and other auxiliary equipment. The thermodynamic properties of working
fluids can significantly impact the system performance of absorption heat pumps [80].
Ammonia/water and water/lithium bromide are the two most common working fluid
combinations used in absorption heat pumps. Thermal energy from a variety of sources can
be applied to drive absorption heat pumps, such as steam, solar energy, heat generated by
direct combustion fuel (gas, oil), or even waste heat hot water. Absorption heat pumps have
proved to be effective in improving the thermal efficiency of gas boilers. An absorption
heat pump integrated with a natural gas-fired boiler was developed for improving boiler
efficiency through recovering waste heat [79]. The results showed that boiler efficiency
could be increased by up to 10% by waste heat recovery. In addition, a full-open absorption
heat pump was proposed for recovering the waste heat of flue gas and used for district
heating [81]. The results indicated that the maximum COP and recovery efficiency were
1.62 and 0.63, respectively.

Adsorption heat pumps are another environmentally friendly and thermally driven
system, in which adsorption is used to compress steam from low to high pressure, and
refrigerant absorption molecules reversibly combine with solid adsorbents [82]. It can be
applied for heating and cooling purposes by utilizing thermal energy from solar energy,
geothermal energy, or waste heat generated in industrial processes. The basic adsorption
heat pump system mainly includes an adsorber, where the adsorbent material is coated
on a surface, a condenser, an evaporator, and an expansion valve. The silica gel/water,
zeolite/water, and activated carbon/ammonia are three common working fluid combi-
nations in adsorption heat pumps. This type of heat pump has several advantages. For
example, it can utilize thermal energy from abundant heat sources; it can be applied as
a thermal energy storage system, and it is environmentally friendly because it does not
contain materials that are harmful to the environment [83]. The main disadvantages include
low COP values and intermittent operation. Two prototypes of an adsorption heat pump
and chiller, with silica gel-water as working fluid, were developed for space heating and
air-conditioning [84]. The results indicated that the COPs for heating and cooling were 1.5
and 0.5, respectively.

4.8. Comparison of Different Heat Pumps

Heat pumps have proven to be an effective technology to replace conventional heating
and cooling systems in residential buildings. Several different heat pumps have been
introduced in previous sections, including ASHP, WSHP, GSHP, SAHP, cascade heat pump,
two-stage heat pump, and other thermally driven heat pumps. Because thermally driven
heat pumps are not commonly used in residential buildings. This section mainly compares
and summarizes the advantages and disadvantages of commonly used heat pumps in
households. Table 7 summarizes the pros and cons of these heat pumps.
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Table 7. Summary of pros and cons of various heat pumps.

Heat Pumps Pros Cons

Air Source
Heat Pump

Simple operation and low
installation costs

Less primary energy consumption
and GHG emissions than

conventional
fossil-fuel-based systems

Frost formation on the outside
evaporator at low ambient

temperatures
Heating capacity and COP may
decrease under cold climates.

Water Source
Heat Pump

Can utilize heat from abundant
sources, such as rivers, ponds,

and lakes
Higher COP and energy efficiency

ratio (EER) than ASHPs

Surface water temperature is affected
by climate variations.

Low water quality may cause the
blockage, corrosion, and fouling of

heat exchangers.
Water availability can restrict the use

of WSHPs.

Ground Source
Heat Pump

Highly efficient systems
Higher COP and greater energy

savings than ASHPs
More suitable to be applied in than

ASHPs in cold climates
Significant GHG emissions

reductions compared to
fossil-fuel-based systems.

High installation costs or
land requirement

Potential leaks of refrigerant and
antifreeze solutions

Metal corrosion of GHEs
System performance may be affected
by underground heat accumulation

and depletion.

Solar Assisted
Heat Pump

Significant environmental benefits
70% of energy savings can

be achieved.
Higher-temperature heat being

delivered to heat pumps

Solar intermittency restricts the
system performance

Requires complex control system
Relatively high installation costs

Cascade Heat
pump

Higher heating capacity and COP
than single-stage heat pumps
Can operate efficiently under

cold climates
Great GHG emissions reduction

compared to fossil-fuel-based systems

Higher installation cost,
Higher operating costs than

fossil-fuel-based systems
Hard to add a four-way valve to

achieve heating or cooling

Two Stage
Heat Pump

Higher COP and heating capacity
than conventional ASHPs

Can operate efficiently under
cold climates

Significantly higher costs than ASHPs
Requires appropriate control logic

ASHPs have the advantages of simple operation, low installation costs, and less pri-
mary energy consumption and GHG emissions than conventional fossil-fuel-based systems,
but their performance degradation and frost formation at low ambient temperatures must
be considered. Auxiliary heating devices may be required for ASHPs in winter conditions.
Consequently, ASHPs are more suited to buildings in areas with mild climates.

WSHPs can have higher COP and EER than ASHPs because water has better heat
transfer and thermal properties. Moreover, WSHPs can take advantage of abundant sources,
such as rivers, ponds, and lakes. On the other hand, the temperature variation of surface
water under different climates can be a disadvantage. The availability of groundwater and
surface water can restrict the widespread use of WSHPs. Moreover, low water quality may
lead to the blockage, corrosion, and fouling of heat exchangers. Thus, WSHPs are more
suitable for buildings in areas with sufficient and high-quality water bodies.

GSHPs have the merits of high COP, excellent system performance, and significant
energy savings. Vertical GCHPs and DX-GSHPs can perform better than horizontal ones,
but high initial cost due to borehole drilling is a drawback. The land area required can be a
disadvantage for horizontal GCHPs. Possible leaks of refrigerant and antifreeze solution
and metal corrosion may have a severe impact on the environment. More importantly,
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GSHPs can have better system performance than ASHPs in areas with extremely hot or cold
climates because the ground has a yearly constant temperature. Heat accumulation and
depletion, due to long-term operation, may degrade the system performance. Therefore,
GSHPs are better suited for buildings in areas with hot or cold climates.

SAHPs have the benefits of great energy savings, excellent system performance, and
significant environmental benefits. SAHPs can obtain a higher rate because both solar
energy and ambient air can be used as heat sources. However, solar intermittency may
reduce the performance of SAHPs. As a result, SAHPs are more appropriate to be used for
buildings in areas with sufficient solar radiation.

Cascade heat pumps have the advantages of higher heating capacity, high COP, and
great GHG emissions reduction, and they can operate efficiently under cold climates.
However, higher installation costs can be an issue. Additional cooling devices need to be
integrated with cascade heat pumps to achieve both heating and cooling. Thus, cascade
heat pumps can be applied in areas with cold climates.

Two-stage heat pumps can have higher COP and heating capacity than conventional
ASHPs and operate efficiently under cold climates, but they require more complex control
logic and are significantly more costly than ASHPs. Therefore, two-stage heat pumps can
be used in areas with cold climates.

5. Heat Pump End-Uses

Heat pumps can be applied in many applications. Based on their fundamental opera-
tion principle, heat pumps can be used to offer heating, cooling, and hot water heating in
residential, commercial, and industrial buildings. Moreover, heat pumps can be used in
industrial applications, such as drying and food making, using industrial waste heat as a
heat source. Coupling heat pumps with thermal storage systems can achieve load shifting
for buildings and peak load shaving on electrical networks [24]. Combining solar PV
systems with heat pumps can be a practical approach in increasing the self-consumption of
PV generation and achieving the NZEB target [33,56].

5.1. Heat Pumps Coupled with Thermal Energy Storage

Combining heat pumps with heat storage systems offers clients economic benefits
and will play an essential role in a low-carbon future. Integrating heat pumps and thermal
storage technologies can manage electric energy loads by shifting heating and cooling
demands to a period with low electricity prices, leading to cost savings [24]. Furthermore,
by coupling heat pumps and thermal storage with solar PV systems, heating or cooling can
be provided by consuming renewable energy electricity, reducing GHG emissions.

A heating system was modelled to consume excess renewable electricity for space
heating and DHW production [85]. A heat pump with thermal storage at the district level,
a natural gas-fired boiler, and electric resistance heaters were included in the model. The
results suggested that heat pumps with storage units achieve the lowest running cost even
when a charge for excess electricity is applied. Some researchers have also tried to increase
the efficiency of heat pumps with storage tanks. A heat pump coupled with a heat storage
tank filled with PCM was developed and used for summer space cooling [86]. Compared
to the standard water tank, the results indicated that 14.5% more cold energy and 20.65%
longer temperature comfort could be supplied by a heat pump with a PCM storage tank.

Applying heat pumps with thermal energy storage for heating or cooling can shift
the burden on the electrical network to off-peak hours. An air-source heat pump with
PCM tanks for load shifting was compared to the case without load shifting or thermal
storage [87]. The results indicated that shifting loads of fifty heat pumps with storage tanks,
entirely to off-peak hours, increased the electric loads on networks by over 50% compared
to the reference case. In such cases, appropriate demand-side management (DSM) needs to
be integrated into residential heat pumps to reduce the peak loads on the electricity grid
and enable a stable operation of heat pumps [19].
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5.2. Heat Pumps with Solar PV Systems
5.2.1. The Increase of Self-Consumption

Solar PV systems are being increasingly applied worldwide to reduce fossil fuel
consumption and the environmental burdens of residential buildings [18]. Major issues
behind the household solar PV systems are intermittency and the mismatch between the
PV production and household loads [33]. On the other hand, maximum PV production
corresponds to peak electricity prices, so dwellers are encouraged to increase the use of
PV electricity. Energy storage systems, such as heat pumps, coupled with thermal energy
storage tanks and electrical batteries are two viable solutions to increase the use of PV
generation.

Eight control strategies to increase the self-consumption ratio of local PV generation
focusing on heat pump operation and electrical battery are considered in [17]. The results
indicated that the self-consumption ratio increased by 37% in the optimal scenario, but
whether to increase the self-consumption of PV generation depends on the difference
between FiTs and local purchasing price. The increased self-consumption ratio can lead to
cost savings when the FiTs are lower than the buying price. DSM was adopted to enhance
the self-consumption of domestic PV systems by incorporating heat pumps and thermal
energy storage for a household in Germany [19]. The authors found that 55% to 65% of
self-consumption levels can be achieved with a PV plant of 5.5 kWp for a household with
low to medium thermal insulation standards.

Based on instantaneous PV production, a ruled-based control strategy was proposed
for an air-to-water heat pump that is used for space heating and DHW consumption [4].
In this strategy, the thermal capacity of the building is used as a virtual battery, and the
heat pump is operated to its maximum capacity to take advantage of its heat storage
capacity. The results showed that, when compared to the base model using the standard
control approach, the rule-based control strategy could raise the self-consumption and
self-sufficiency ratios from 7% to 60% and 12% to 65%, respectively. Moreover, a heat
pump system combined with electrical and thermal energy storage systems was designed
to achieve higher PV self-consumption [10]. They discovered that installing an 800 L
water tank and an 8 kWh battery could compensate for more than 40% of the electricity
consumption for DHW production and house loads. In addition, it is essential to note that
compared with electrical energy storage, a heat pump with thermal energy storage can be
more cost-effective. It has been discovered that the initial cost of using heat pumps with
electricity storage is four times higher than that with thermal energy storage [18].

5.2.2. System Optimisation

The performance of integrated solar PV and heat pumps is highly influenced by the
increased instability caused by peak loads of heat pumps and fluctuating PV generation.
Advanced control strategies on optimizing the combined performance of heat pumps and
PV systems may be required. Smart control algorithms were developed for a PV system
and heat pump used for space heating and DHW production, considering the weather
forecasts and timely electricity prices [88]. The authors found that the smart control strategy
can contribute to 26.4% of final energy reduction, 60% of the self-consumption increase and
15% of the net annual electricity cost reduction compared to the case with independent PV
and heat pump. Similarly, a predictive control-based multi-objective optimization energy
management concept was proposed for a PV system combined with heat pumps, heat
storage, and batteries [89]. This concept was designed to reduce operational costs and
power exchange with the power grid while ensuring comfort for the user. The results
proved the viability of this concept. In addition, a novel heuristic control algorithm was
proposed to optimize heat pump management for a single-family house with a 3 kWp
PV system, and a 1 kW air-to-water heat pump, by considering the accurate consumption
data [90]. The results indicated that this novel algorithm could work 1000 times faster
in optimizing heat pump management, lead to 49% cost savings, and provide a 5% SCR
increase compared to other programs.
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5.2.3. Net Zero Energy Buildings

The concept of NZEBs has been used to reduce energy consumption and GHG emis-
sions in the building sector. NZEBs can be defined as buildings that produce as much
energy as they consume annually. They can be achieved through different strategies, such
as passive strategies, renewable generation systems, and energy-efficient technologies.
Solar PV and heat pump systems can make viable contributions and have attracted a great
deal of research interest.

The performance of solar PV in different climates in the US with different heating,
ventilation, and air conditioning (HVAC) systems for a residential NZEB was compared
by simulation [56]. The authors found that GSHPs could reduce energy consumption
by approximately 25–40% compared with ASHPs in cold climates. Meanwhile, another
study found that a smaller PV system is required for GSHPs than ASHPs to achieve the
NZEB target in a mixed-humid climate zone in the US [91]. A new system, consisting of
PV double-skin façade combined with an ASHP, was proposed for offering space heating
and DHW heating by consuming renewable energy [92]. The results found that most of
this collaborative design system can satisfy 98.5% of annual heating demand, with the
remaining 1.5% being offered by natural gas, almost achieving a NZEB.

As SAHPs can use both solar energy and ambient air as heat sources to provide
heating, they may also be an efficient way of achieving NZEBs. A techno-economic
analysis was conducted for an intelligent hybrid system, comprising a hybrid solar collector
and the DX-SAHP, to satisfy electricity and heating demands [60]. The results of the
analysis summarized this hybrid system’s cost and system performance compared to other
conventional heating systems and solar PV combined with heat pump systems.

6. Environmental Aspects of Heat Pumps

Several studies show that heat pumps could lead to significant energy savings and
reduce GHG emissions [31,34,45,93]. Therefore, they are one of the most promising tech-
nologies to decarbonize the energy sector. However, heat pumps still have issues that may
impact the environment, such as refrigerant use and leakage problems.

6.1. Natural Refrigerants

Conventional heat pumps use hydrofluorocarbons (HFCs) as refrigerants with high
GWP values. The Montreal Protocol represents the global agreement to protect the earth’s
ozone layer by requiring the phasing out of HFCs that are supposed to contribute to
GHG emissions [13]. In this case, natural refrigerants with low GWP and zero ODP are
recommended to be used in heat pump applications. The natural refrigerant, R290, could
be an excellent alternative for R22 in refrigeration systems because of its outstanding
environmental and thermophysical characteristics [15]. For example, an investigation on
different refrigerants used in ASHP for space heating found that 11% of GHG emissions
reduction can be achieved using R290 compared to R22 [12]. In addition, an evaluation of
heat pumps using R600a concluded a valuable long-term low-GWP substitute for the HFC
refrigerants in heat pump applications [13].

R744 is another natural refrigerant with little impact on climate because it can be re-
trieved from manufacturing processes. R744 possesses the most desirable environmental po-
tentials among all alternatives due to its low GWP, non-flammability, and non-toxicity [14].
The effects of a semi-hermetic two-stage compressor using R744 as the refrigerant was
analysed [1]. The results illustrated that GHG emission generation is competitive using
R744 compared to the other refrigerants currently being used in heat pumps.

6.2. Leakage

Water mixed with antifreeze solution is generally employed as a heat transfer fluid in
the closed-loop surface water heat pumps and GCHP systems to avoid freezing in winter.
According to [49], these antifreeze liquids mainly include glycol, methanol, ethanol, etc.
This can inevitably lead to a concern that surface water or groundwater can be contaminated
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due to pipe leaks [57]. To ensure the environmental compatibility of antifreeze solutions
in borehole heat exchangers, more research should be conducted to analyse the influence
of additives on groundwater quality and subsurface microbial activity [43]. Similarly,
due to long-buried refrigerant loops, the refrigerant leak can cause the same problem for
DX-GSHP systems [53]. Refrigerant leak can be solved by using R744 as the refrigerant due
to its non-toxicity and non-flammability [94]. Apart from this concern, some other issues
caused by installing GSHPs were summarized in, including soil subsidence and wells
drying up, caused by the falling water level, and potential hazards to drilling labourers
and residents because of near-surface gas reserves, etc.

7. Economic Aspects of Heat Pumps

The cost of a heat pump is vital in determining its use. The installation and economic
viability of heat pumps rely heavily on different aspects, including climate conditions,
locations, local policies, and market prices [3]. Heat pumps may be more expensive than
other heating or cooling devices. Better system performance, environmental characteristics,
and operating costs may compensate for this drawback.

Among all heating technologies, ASHPs are economically sensible replacements for
coal-fired boilers for space heating due to the low initial and operation cost and the high
energy efficiency [31]. Similarly, a techno-economic analysis, using a mathematic model
established in northern China, found that ASHPs are the most economical of all heating
candidates [35]. Another experiment found that the use of GSHP in space heating could
contribute to more than 70% of fuel savings and 45% of GHG emissions reduction compared
to natural gas furnaces [45]. An experiment found that GCHPs can save up to 60% of
energy more than a conventional ASHP system [47]. In contrast, a study in Iran argued
that GSHP is indeed not preferred in Iran due to the high cost of electricity and heat pump
components and the low prices of natural gas [55]. It can be argued that heat pump systems
have economic merits compared to alternative heating devices, but the results may vary
based on various circumstances.

To further compare the costs of other commonly used heat pumps, Table 8 is provided
that summarizes the capital and operational costs of various heat pumps.

Table 8. Cost comparison among various heat pumps.

Heat Pumps
Capital Costs Operational Costs

Comments
High Medium Low High Medium Low

Air Source
Heat Pumps

√ √ AHSPs are selected as the reference case with the lowest
capital costs due to their simple design and medium

operational costs.

Water Source
Heat Pumps

√ √
The capital costs of WSHPs are higher than ASHPs due to
additional costs for labour, heat exchangers, water coils,
pumps, and so on. The operational costs are lower than

ASHPs but higher than GSHPs.

Ground Source
Heat Pumps

√ √ GSHPs have the highest capital cost due to drilling
boreholes, installing GHEs, and purchasing equipment, but
their operational costs are significantly lower than ASHPs.

Solar Assisted
Heat Pumps

√ √
Based on different design configurations, the capital costs of
SAHPs are higher than ASHPs and WSHPs due to the use
of solar collectors, heat storage tanks, pumps, etc., but lower

than GSHPs.

Cascade Heat
pumps

√ √ Cascade heat pumps have higher capital and operational
costs than ASHPs because of more system components and

power consumption.

Two-Stage
Heat Pumps

√ √ Similar to cascade heat pumps, the capital costs and
operational costs of two-stage heat pumps are higher

than ASHPs.
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There is a concern regarding the high initial costs of GSHPs and whether they are
economically justified. While it is not the intent of this paper to provide an economic
or life-cycle analysis in comparing different heat pump types, we do believe that it is
necessary to define where and when the selection of ground sourced heat pump might be
considered. For the case of two totally different climates, Sydney vs. Chicago, we consider
the Heating Degree Day (HDD) and Cooling Degree Hour (CDH) information, as taken
from the ASHRAE Fundamentals Handbook (2017) on climate data (see Table 9) below.

Table 9. Monthly climatic design conditions of Sydney and Chicago [95].

Location Annual Avg. Temp. HDD 10.0 ◦C CDH 23.3 ◦C

Sydney, Australia 18.3 ◦C 1 2566

Chicago, IL, USA 11 ◦C 1639 2056

The annual average ambient dry-bulb temperature represents a good indication of
what the ground annual temperature is 2–3 m below the surface, varying ± 3 ◦C (Climate
Consultant software). Furthermore, it may be important to observe the extremes of the two
climates, where for heating, an ambient of 5.6 ◦C for Sydney and a −19.6 ◦C for Chicago
are observed for winter periods. Noted from this data is that Sydney doesn’t have a heating
problem while both cities do have a significant cooling requirement. The COP of a good
quality air-to-air or air-to-water system can function very effectively within the climatic
limits of Sydney. Yet, both cities experience a similar cooling problem.

The amount of both HHD and CDH for Chicago is relatively high, indicating a heating
and cooling requirement. Further to this is the recognition of the extremes, where up
to a 30 ◦C temperature difference in the ground is experience from that of an ambient
temperature, for Chicago. These considerations would imply that Chicago would greatly
benefit from a GSHP where COP values would remain high during extreme ambient
conditions.

Some other studies also prove that GSHPs can be more cost-effective than ASHPs in
extreme climates. A techno-economic analysis of a GSHP, and an ASHP used for space
heating and cooling, was carried out in Saudi Arabia with a hot, dry climate [54]. The result
showed that the GSHP could obtain a total 40% cost reduction compared to the ASHP, and
the GSHP can achieve free heating due to the constant underground temperature of 29 ◦C,
which is higher than the required indoor temperature of 26 ◦C.

8. Conclusions: Overview and Suggestion

This review article covers a broad range of topics published in relation to electrified
heat pumps that can be applied and are suitable for residential projects. Two distinct areas
are identified from the literature: first, the technology centred on heat pumps themselves;
second, the design uses, applications, policies, and global impacts that heat pumps can
offer. We have basically left the policies and global impacts for others to define. It is
evident that heat pumps are important devices in the shift to carbon-neutral building
conditioning and therefore serve a significant purpose towards this goal. To consider which
heat pump to apply in a specific project, it is important to better understand the vast range
of types, how they operate, and what additional advantages they can provide. If running
a system on renewable (solar PV) energy is required, we might also consider the aspect
of self-consumption of this generated energy, as FiTs become less attractive. Therefore,
understanding the type of heat pump system, such as one that can provide hot water to
the sink, is essential. In other words, does the system allow for thermal energy storage?

Climatic conditions are another reason for the selection of heat pump types. Under
extreme ambient winter and summer climatic conditions, consideration might be given
to where the energy source is coming from. In other words, the ground or a water body
would have a smaller temperature range than that of the air. In extreme climatic conditions,
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heat pumps that consider the source and access to it may be more economically viable
since they can yield much higher COP than, for example, air-to-air heat pumps.

It is realized that as the technology of heat pumps continues to develop with higher
COP performance and improved environmental consideration, the move towards natural
refrigerants, such as R744, is becoming more common. This paper did not confront the
evaluation of refrigerants in terms of their performance, optimal temperature ranges, COP,
etc. We acknowledge that there is an entire range of future studies required here. At
present, we are working with a few associations and manufacturers that are privy to this
subject but are unable to release conclusive information.

Towards the end of this article, several design innovations were introduced, such as
cascade or dual heat pumps and those utilizing solar thermal or even operating under
electrical solar PV generated energy. This indicates the huge development and research
potential offered by the heat pump concept. Solar energy incorporation and technical ad-
vancements into the refrigeration cycle itself are continuously being researched worldwide.
The inclusion of suction valves, electronic expansion valves, shell-in-tube (and other) heat
exchangers, variable speed drive (DC inverter) compressors, as well as other innovations
will no doubt continue to raise the COP of heat pumps in the future. Successful technolo-
gies must become mainstream in the design of future heat pumps as we continue to strive
for NZEBs. There is no doubt that we are already on the pathway to do so; only 5% of the
world’s total potential of heat pump installations has taken place thus far.
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Abbreviations

Acronym Definition
ASHP Air source heat pump
ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
CDH Cooling degree hour
COP Coefficient of performance
DC Direct current
DHW Domestic hot water
DSM Demand side management
DX-GSHP Direct expansion-ground source heat pump
DX-SAHP Direct expansion-solar assisted heat pump
EER Energy efficiency ratio
EU European Union
FiTs Feed-in tariffs
GCHP Ground coupled heat pump
GHE Ground heat exchanger
GHG Greenhouse gas
GSHP Ground source heat pump
GWP Global warming potential
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HDD High degree day
HFCs Hydrofluorocarbons
HVAC Heating, ventilation, and air conditioning
IX-SAGSHP Indirect expansion solar assisted ground source heat pump
IX-SAHP Indirect expansion-solar assisted heat pump
NZEBs Net zero energy buildings
ODP Ozone depletion potential
PCM Phase change material
PV Photovoltaic
RAC Room air conditioning
SAHP Solar assisted heat pump
SCOP Seasonal coefficient of performance
SWHP Surface water heat pump
WSHP Water source heat pump
Symbol Description
QH Heat from the source
QL Heat released to the sink
R11 Trichlorofluoromethane
R123 1,1-Dichloro-2,2,2-Trifluoroethane
R134a 1,1,1,2-Tetrafluoroethane
R22 Chlorodifluoromethane
R290 Propane
R404A R125/R143a/R134a (44/52/4 wt.%)
R410A R32/R125 (50/50 wt.%)
R600a Isobutane
R744 Carbon dioxide
TH Absolute temperature of the heat source of the engine
TL Absolute temperature of the low temperature exhaust
W Work
η the Carnot, or ideal efficiency of a heat engine
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