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Abstract: Gas engine-driven heat pumps are an interesting option to satisfy space heating and
cooling demands aiming at energy saving, environmental impact and operating costs’ reduction.
This work presents (i) a comprehensive review updated on gas engine-driven heat pumps research
activities, (ii) the investigation of the central role of this technology in the air conditioning sector
and (iii) the future perspectives regarding gas engine heat pumps’ diffusion in the context of the
energy sector decarbonisation. The outcomes highlight that gas engine heat pumps could have better
environmental performance compared to electric heat pumps both in heating and cooling operations.
Moreover, they could play a pivotal role in the fight against climate change and energy security
since they can guarantee an energy mix differentiation moving from electricity to natural gas and
renewable gases’ usage. Indeed, by 2030, a lower-carbon gas grid could be supported by renewable
gases. A further investigation has concerned diffusion of gas heat pumps activated from biofuels
produced by local biomass in an energy community scenario based on a low-temperature energy
district network. A novel biomass-based GEHP interacting with a low-temperature district heating
network is proposed here. This system could save more than 30% of primary energy compared to
biomass-fuelled boilers.

Keywords: gas engine-driven heat pump; small-scale applications; energy analysis; research
activities; future prospective; biomass-based gas engine-driven heat pump

1. Introduction

The main consequences of the increasing demand in final energy are the need to
enhance the contribution from renewable sources and the interest in the more efficient
utilisation of fossil fuels. Among them, natural gas represents the cleanest source, and it
does not require refining and it is easily recovered and moved with a low or negligible
environmental impact, even if the potential leakage in some parts of the supply chain
should be considered for an accurate evaluation. Furthermore, according to a medium-
term energy strategy, the lock-in of fossil-based assets from a decarbonisation perspective
should be considered when moving to sustainable sources. Space heating and cooling
represent the highest level of final energy consumption in the EU. To achieve the GHG
reduction goals, the EU is putting strong effort into moving to a more sustainable scenario,
promoting the use of lower environmental impact fossil fuels, such as natural gas, and
biofuels using the pre-existing pipeline grid.

Final energy demand for space conditioning in EU28 (2015 data, [1]) is approximately
3474 TWh, of which 3387 are for heating and 87 TWh for cooling. Space heating demand is
shared among industry (10%), residential (65%) and tertiary (25%) sectors. Natural gas is
the main energy carrier (42%), followed by fuel oil (12%), biomass (12%) and electricity
(12%). District heating covers 9% and coal 8%. Electricity is used for activating electric
heaters and EHPs, while natural gas is mainly used to activate boilers for space heating
purposes. On the basis of these data, attention needs to be paid to the future role of
natural gas.
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The transition towards decarbonising gas supply and use could be based on the
following elements:

• Introduction of high-energy conversion efficiency equipment.
• Reduction of methane leakage through pipeline by means of grid modernisation and

leak detection systems.
• Improving contribution of low-/zero-carbon gases.
• Introduction of carbon removal technologies.

To reach a low-/zero-carbon future, natural gas utilities will not only have to consider
the reduction of methane leakage and improvement in efficiency of natural gas end-uses but
will also increase the contribution of renewable fuels. These fuels provide the opportunity
to decarbonise gas supply while using existing/improved gas pipelines and allowing
end-users to use the same equipment designed for natural gas [2].

Different scenarios are considered in [3], and by 2030, it is expected that natural gas will
continue to have a dominant role, remaining stable. By 2030, there will be a light reduction
in gas demand for heating purposes due to building retrofits. On the basis of this data, gas
heat pumps, thanks to an energy conversion efficiency higher than 30–40% compared to
gas boilers, should show an important contribution to decarbonisation goals. Considering
different scenarios of GEHP penetration in the replacement of boilers, a strong reduction
of CO2 emission could be estimated. With a thermal efficiency of natural gas boiler equal
to 0.95, a global efficiency of GEHP equal to 1.4 and an emission factor of 0.205 kg CO2
per kWh of primary energy related to natural gas, a sensitivity analysis on an energy and
environmental basis is reported in Figure 1. In case of GEHPs, cover space heating demand
of tertiary and industry sectors (35% of total heating demand), that generally have a heating
load compatible with GEHP size, a saving of primary energy of about 400 TWh (12%) per
year is reached. The reduction of environmental impact corresponds to 82 × 106 tons of
CO2 emissions per year. These data highlight the importance in promoting the introduction
of high-efficiency units to reach the 2030 and 2050 climate goals.
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Furthermore, space heating and cooling by means of natural gas-fuelled systems, such
as GEHP, could provide a strong contribution in terms of CO2 emission reduction due to
the high emission factor of thermoelectric power plants that affects the indirect EHP impact
on the environment.

Starting from these key points, GEHPs could occupy a prominent role in the decar-
bonisation strategy, and for this reason, different researchers have focused their interest
on this topic. In particular, different reviews have been reported on papers with reference
to GEHPs; nevertheless, they are mainly focused on the most widespread technological
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solutions involving GEHPs activated by fossil fuels and the majority refer to old data. Hep-
basli et al. [4] proposed a review of GEHPs used for residential and industrial applications
on the basis of design and experimental works in the period 1989–2007. Rosato et al. [5]
presented a review on GEHPs updated to 2013. It is confined to fossil-based devices with a
nominal heating capacity lower than 100 kW, commercially available. Other short reviews
have been published as the results of American development projects aimed at promoting
the GEHPs installation in the residential sector [6] or on field tests performed on GEHPs
installed in the Netherlands and the USA [7].

Further R&D studies highlighting the state-of-the-art on GEHPs are included in
Section 3, in which for 49 research groups, detailed activities covering the period 1975–2020
are reported.

In addition, it is important to highlight that there is another element, poorly inves-
tigated in the literature, that provides a pivotal function to GEHP in the environmental
matter. It refers to the introduction of renewable fuels such as syngas, biogas, biomethane
and hydrogen (so-called “green hydrogen” available through the electrolysis of water using
renewable electricity), as shown in Figure 2. Syngas and biogas could be directly used in
GEHP units or, thorough an upgrading process, methane (biomethane) could be obtained
feeding a natural gas network.
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To achieve net-zero GHG emissions in the European Union by 2050, low-carbon
forms of gases to replace much of the natural gas consumption will be required. Conse-
quently, GEHPs fed by biogas, biomethane and by a mix of methane and hydrogen (5%),
available using the surplus of renewable electricity (Power-to-Gas, P2G), could strongly
improve the renewable energy use. Hydrogen could also be combined with carbon dioxide
(sequestrating it) to obtain methane by means of the Sabatier process (Gas-to-Gas, G2G).

According to a scenario foreseen for 2030 [8], it is expected a gas demand of 4518 TWh
partly covered by a contribution from renewable gases up to 11% (497 TWh), with 27% of
this contribution due to hydrogen and the remaining part covered by biomethane. The
average emission factor due to gas taken from the pipeline will reduce from 0.205 kg CO2
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per kWh of primary energy to 0.182 kg CO2/kWh. This element could further help
technologies able to use this fuel in an efficient way, such as GEHPs.

A few studies have investigated the use of renewable fuel in activating the GEHP. In [9],
a GEHP fed by biogas was experimentally investigated. The landfill gas is preliminary
purified, removing particulate matter, H2S and condensate water, and also reducing the
CO2 concentration. After the treatment, biogas can be used to activate the GEHP engine.
The results obtained in heating mode on an experimental basis highlight a good agreement
with the performance of the natural gas-fuelled unit. The global energy efficiency of the
unit reaches 1.4, while the COP of the heat pump is 4.2.

Another experimental analysis was performed by Jordan et al. [10], in which an air-
cooled biogas-fired engine is used to activate a water-to-water heat pump to cover both
process heating and cooling demand of a dairy facility.

Blázquez et al., in their studies [11–13], considered the use of biogas to activate ground-
source GEHP. In [11], an energy analysis of a biogas-fuelled GEHP is performed, consid-
ering warm (Ancona, Italy), medium (Edinburgh, Scotland) and cold (Karlstad, Sweden)
climate areas. This analysis is further extended including economic and environmental
aspects in [12]. In [13], an energy, environmental and economic analysis is performed
considering the introduction of biogas-fired GEHP in different European countries.

In [14], a biogas engine-driven heat pump meeting the space heating and cooling
loads is simulated. Energy saving in summer and winter periods is evaluated. In [15], an
upgrade, including an electric generator, of GEHP proposed in [14] is studied.

In [16], a biogas engine-driven heat pump has been evaluated on an exergy basis,
developing a mathematical model.

1.1. Aim of the Work and Scientific Novelty

The papers reported above evidenced that, to the best of the authors’ knowledge, few
works have focused on reviewing GEHPs, and those that have are old papers especially
devoted to the analysis of fossil-based GEHPs. Moreover, a gap in the scientific literature
related to renewable-based GEHPs has also been highlighted.

Therefore, in order to overcome these literature drawbacks, the present paper aims to
address the following advances in the framework of GEHPs:

• A comprehensive review of the state-of-the-art related to GEHPs, updated to date.
• An investigation related to the importance of GEHPs in decarbonisation of space

heating and cooling sectors.
• An analysis related to the future perspectives of GEHP diffusion in the contest of

decarbonisation of the energy sector. More precisely, with reference to this point, the
possibility to fuel GEHP with renewable sources such as syngas, biogas, biomethane
and hydrogen is investigated. Furthermore, the GEHPs’ role in low-temperature
district heating networks (LTDH), for which supply temperature is about 50 ◦C or
even less, is examined. There are several advantages in combining biofuels-fired
GEHP units and LTDH networks, such as reduction of network heat losses, reduction
of environmental impact due to use of renewable fuels, improvement of energy
conversion efficiency with respect to boiler, valorisation of local biomass (syngas)
and biogas from livestock. This novel application could contribute to realizing the
renewable energy community, especially in rural and mountain areas not connected
to gas pipelines.

Therefore, these factors in the actual scenario justify the interest in finding more efficient
technologies in using natural or renewable gas sources. Among them, the gas engine-driven
heat pumps (GEHPs) represent an attractive option due to their high energy conversion
efficiency and capability in exploiting gaseous fuels based on different compositions.

In the following sections, the advantages and limits (Section 1.2), engine heat recovery
(Sections 1.3.1 and 1.3.2), operating modes (Sections 1.3.3 and 1.3.4), as well as a possible
application in using a biofuel (Section 1.3.5) in GEHPs will be described.
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An historical review section (Section 2) reporting the main elements affecting the
developing phase, the evolution and future trends of the technology has been added.

R&D activities (Section 3) on GEHPs will be analysed, reporting, for different research
groups, data on experimental results, field and laboratory tests as well as on simula-
tion models.

GEHP field tests’ results (Section 3.2.1) in buildings of residential, tertiary and indus-
trial sectors will be reported. Experimental activity (Section 3.2.1) in test rigs to evaluate
the GEHP performance at different operating conditions will also be analysed.

A focus on GEHP modelling (Section 3.2.2) based on mathematical functions (regres-
sion curves), derived through curves fitting experimental data and based on equations
related to conservation laws of physics, thermodynamics, specific correlations and physical
characteristics of the GEHP components, has also been investigated.

Finally, in the conclusion, the main outcomes as well as the main elements affecting
the future challenge of GEHPs are reported (Section 4).

In Figure 3, the flowchart followed to analyse GEHP technology is shown.
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1.2. GEHP: Advantages and Limits

The main components of a GEHP are a gas-fired engine (GE) and a reversible vapour
compression heat pump (HP), including an open compressor, a condenser, an expansion
valve and an evaporator [4]. The engine is commonly fuelled by natural gas, even if, where
a natural gas distribution network is not available, propane or liquefied petroleum gas
(LPG) represent a valid alternative. Similar to an electric-driven heat pump (EHP), the
GEHP could be generally used, with respect to HP section, in two operating modes, by
means of a 4-way valve, to satisfy heating and cooling demands.
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The thermal/cooling power of the HP condenser/evaporator of the GEHP can be regu-
lated by acting on the compressor’s speed by changing the rotary speed of the prime mover.

The most common prime mover is the liquid-cooled reciprocating internal combustion
engine, even if some studies are focused on different technologies, such as rotary and
Stirling engines [17–19]. In [17], experimental analysis of a GEHP based on a free-piston
Stirling engine is reported, and also, in [19], Berchowitz et al. analysed a free-piston Stirling
engine activating a CO2 heat pump. In [18], a 6-cylinder Stirling engine interacting with a
heat pump is reported.

In comparison to the operation of EHP, a GEHP avoids transmission and distribution
electricity losses thanks to the fact that the fuel conversion process is close to the end-user.
A further benefit is the availability of the waste heat of the engine that could be recovered
to provide additional thermal power. The heat recovery is performed by means of a heat
transfer fluid (i.e., water–glycol mixture), utilizing both the energy of exhaust gases and
the waste heat released by the engine cylinder jacket in case of using a liquid-cooled
internal combustion engine. A further heat exchanger is introduced in the GEHP to transfer
the thermal energy recovered from the engine to a secondary circuit, linked to the end-
user, in which liquid water flows. The gas engine heat recovery could also be used to
remove frost from the finned-tube evaporator when GEHP works in heating mode at low
outdoor air temperatures. In a GEHP, the engine surplus heat makes possible the increasing
temperature of the heat transfer fluid after the interaction with the HP condenser.

In heating operating mode, the waste heat available from the engine could be used in
two main ways [20]: direct and indirect recovery.

In the first configuration, the heat output at the heat pump condenser is enhanced
by the heat recovered by the engine, and this is also known as the “4-pipe configuration”
because two pipes for the refrigerant and two for the hot liquid water connect outdoor and
indoor units.

In the second configuration, the heat recovered from the engine increases the lower
temperature at the heat pump evaporator, thus reducing the influence of outdoor air
temperature and increasing the thermal power output. This solution is often called the
“2-pipe configuration”.

In cooling operating mode, the GEHP can work only in direct recovery mode.
Moreover, a GEHP can offer several other benefits over EHP and boilers [20–22]:

• Lower primary energy input: A GEHP system operating in cooling mode with heat
recovery from the engine could require at least less than 24% of primary energy than
an EHP/boiler-based configuration. For the EHP, primary energy has to be evaluated
taking into account the power grid efficiency that strongly depends on the energy mix.

• Lower primary energy required compared to natural gas-fired boiler up to 40%.
• Good performance at low outdoor air temperature: Thanks to the heat recovered

from the engine, the effect of outdoor temperature on GEHP performance is less
pronounced in comparison to the operation of an EHP. The ratio between thermal
power and that one delivered at an air temperature equal to 7 ◦C for GEHPs [23] and
EHPs [24,25] is reported in Figure 4. Thermal power delivered by GEHPs remains
close to the rated power up to −3.4 ◦C, then shows a linear reduction with outdoor air
temperature. The EHPs show a more pronounced dependence on temperature and
the thermal power constantly decreases with temperature. Figure 4 also highlights
that the dependence of this ratio with outside air temperature is less pronounced for
GEHPs. At an air temperature of −20 ◦C, the GEHP delivers 70% of the rated thermal
power, while an EHP reduces this value to 50–60%. These trends are in agreement
with results reported for a similar graph presented for GEHP and EHP available on
the market in the 1990s [26].

• Lower transient start-up time: GEHPs have a reduced transient start-up due to heat
recovered from the engine, allowing to reach the desired indoor comfort condition in
less time, especially in cold climates.



Energies 2021, 14, 4845 7 of 73

• Lower environmental impact: on an environmental basis, GEHP working both in
heating mode and in cooling mode has a lower impact in terms of CO2 emissions with
respect to an EHP-based system.

• Lower summer electricity peak [22]: Due to increased diffusion of EHPs mainly for
space cooling purposes in residential buildings, the electricity peaks moved from
a winter period to a summer one [27]. In Italy, this trend started in 2005, with few
exceptions [5]. For this reason, the GEHPs have been paid increasing interest in the
heating, ventilation and air conditioning (HVAC) field in recent years thanks to their
advantage of reducing the electricity needs for space heating and cooling demands
commonly satisfied by electric-driven units.

• Energy mix differentiation: Moving from electricity to natural gas for heating and
cooling purposes leads to a differentiation of the Country energy mix. This element
should also be appropriately considered in a future scenario characterised by a strong
diffusion of the electric vehicle, that could lead to issues for the power grid.
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The main disadvantages of a GEHP in comparison to an EHP are:

• Higher investment costs: Due to the presence of more components such as gas engine
and heat recovery system, usually, the GEHP has an investment cost about two times
higher compared to an EHP [28]. Furthermore, the specific investment cost is in the
range of 390–540 € per kW of cooling power. This range is evaluated on the basis of
data available from the cooling unit’s dealer [29], a report on GEHP [30] and a Master’s
thesis [31]. Figure 5 reports the investment cost per cooling power, as a function of
the size, for GEHPs [29] and EHPs [29]. This specific cost shows a more marked
reduction for GEHP, moving from about 540 €/kW (45 kW) to about 390 €/kW (71 kW,
85 kW), while for EHP, there is a linear reduction. The specific extra cost of GEHP
in comparison with EHP moves from about 300 €/kW (45 kW) to about 180 €/kW
(71 kW, 85 kW), highlighting the greatest economic interest in GEHP units with a
cooling power at least higher than 71 kW.

• Higher weight and size: Similar to the previous point, the prime mover leads the
GEHP to have a larger size that is more than double in comparison with an EHP. In
the following, these aspects will be analysed in more detail (see Figures 6 and 7).
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• Higher maintenance costs: The presence of an engine leads the maintenance costs
to be about three times higher [28]. The progress of this technology allows a large
maintenance interval, as declared by manufacturers, of 10,000 h, mainly consisting of
replacing lubricating oil, oil and air filter, spark plugs and open compressor drive belt.
Extraordinary maintenance is required after 80,000–100,000 operating hours.

• Lower efficiency of GEHP working in heating mode with respect to the EHP-based
system interacting with the power grid. This result, of course, depends on power grid
efficiency and GEHP layout (direct–indirect heat recovery system).
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As previously stated, a GHEP is a more complex unit than an EHP that currently
represents the most widespread technology for space heating and cooling. In particular, the
gas-engine and the heat recovery system (exhaust gas, engine coolant) lead the components
unit numbers to be four times higher than the ones of an EHP [20]. This element led the
manufacturers to invest in R&D to reduce the volume and weight of gas-fired units [22].
Herein, the most diffused gas engine-driven heat pumps available during the past years
and the ones currently commercialised on the market are considered. Both air-to-air and
air-to-water GEHPs on the market are mainly covered by Japanese units, and the main
characteristics of both the oldest and newest (Aisin [32], Yanmar [33], Panasonic [34])
devices are reported in Tables A1–A3 included in Appendix A. In the following figures
(Figures 6–9), a comparison among the oldest and newest GEHPs available on the European
market, and EHPs (Aermec [35], Mitsubishi [36]) will be presented on the basis of the data
reported in Appendix A.

In Figures 6 and 7, volume and weight as functions of cooling capacity of Japanese
GEHPs (blue rhombus [32–34]) and EHPs (green triangle [35,36]) currently available on the
market are reported, respectively. The same figures also include data for GEHPs available
in the first stage of commercialisation (from the 1980s to the 1990s) [26] manufactured by
Japanese, Italian, Germany and USA companies, and no longer available on the market.
From the Figures 6–9 analysed herein, the following general conclusions can be derived:

• The volume and the weight increase with cooling capacity.
• The GEHPs on the market cover a range of cooling capacity between 22.4 and 85 kW

to meet commercial and multi-family buildings.
• GEHP manufacturers have left the small-scale units (4.6–20.5 kW) suitable for residen-

tial apartments (up to four indoor units) due to EHPs cost reduction (Figure 5) and
to the improvement in part load efficiency thanks to the introduction of the inverter.
To the best of the authors’ knowledge, small units with a cooling capacity equal to 14
and 18 kW are currently available only on the Japanese market.

• At the same cooling capacity, GEHPs require a higher volume (about two times)
(Figure 6) and they have a greater weight (2–3 times) (Figure 7) than EHPs. These
differences depend on the presence of an internal combustion engine and heat recovery
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system (exhaust gas, engine coolant) that leads the components’ unit numbers to be
four times higher than those of an EHP.

• GEHP manufacturers succeeded in the constant reduction of the outdoor unit size, as
stated by the comparison of the trends of GEHPs currently commercialised (blue line)
and the oldest ones (red line).
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Furthermore, the presence of a gas engine could lead the outdoor unit to have a
noise impact greater than the electric motor of an EHP. This impact could have prevented
the spread of GHPs that are commonly installed in urban areas. To overcome this issue,
the manufacturers paid great attention to the noise reduction, introducing the following
measures:

• Right location of anti-vibration elements used to couple the engine to the chassis, also
increasing the lifetime of the engine.

• A proper design of the engine muffler, that in a GEHP integrates a heat exchanger for
engine waste heat recovery.

• Introduction of soundproofing panels on the GEHP casing.

Figure 8 presents the noise (in dBA at 1 m) emitted by both old [26] and new [32–34]
GEHPs and EHPs [35,36], and the following considerations could be derived:

• The noise slightly increases with unit size.
• There is no significant difference between the oldest and the newest GEHPs.
• Thanks to the noise mitigation, EHP and GEHP noises are comparable.

In Figure 9, the ratios between heating and cooling capacity both for GEHPs [26,32–34]
and EHPs [35,36] units are reported. The market trend of these devices shows whether or
not considering the size, there is a good agreement and an almost constant value (1.11–1.13)
with respect to the above-mentioned ratio. The oldest GEHPs present a wider range and
higher values of heating to cooling capacity ratio (1.04–1.74). This is mainly due to the
presence in the oldest GEHPs of both direct and indirect recovery configurations to use
the engine waste heat, while the GEHPs currently available on the market only provide an
indirect recovery approach.

1.3. GEHP: Energy and Environmental Analysis

Different GEHP operating modes and configurations could be found in the literature
and on the market. The main elements to characterise a GEHP depend on:

• Engine heat recovery (direct, indirect).
• Operating mode (heating, cooling, combined heating and cooling).
• Presence of electricity generator (EG), activated by prime mover (PM), delivering

power to activate GEHP auxiliaries and an external power load.
• Heat sink and heat source, such as outdoor air, ground (soil or bedrock) and wa-

ter (river, lake, sea, evaporative cooling tower, ground water or wastewater from
industrial applications or sewage).

• Thermo-vector fluid (water, air).

1.3.1. Direct Engine Heat Recovery

In this section, different operating strategies and energy performance indexes charac-
terizing GEHP with direct use of thermal energy available from a gas engine are considered.
In this configuration, there is not an electric generator, and the following operating modes
could be considered:

• Heating mode
• Cooling mode
• Combined heating and cooling mode
• Electricity “production” mode

In addition to the primary energy supplied to the engine (PM, prime mover), EPM
P , the

GEHP needs electricity (EAUX
el ) from the power grid to feed its auxiliaries (AUX). Primary

energy due to electricity requirements depends on the power grid efficiency (ηPP
el ).

The first configuration (heating mode) (Figure 10) is characterised by the direct use
of the useful thermal energy available from the prime mover, i.e., an internal combustion
engine. The energy system shown in Figure 10 consists of an engine, PM, for which the
primary input (EPM

P ) is generally due to natural gas. This component delivers mechanical
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energy (EPM
m ), that depends on its mechanical efficiency (ηPM

m ), to activate the heat pump
(HP), and also useful thermal energy (EPM

th ), recovered by engine liquid coolant and exhaust
gases, to the end-user. Currently, PM control volume also includes heat exchangers able
to recover heat from the engine. The term EPM

th depends on the thermal efficiency index,
defined as ηPM

th , and the primary energy input. Mechanical energy input to the compressor
(ECP,HP

m ) is evaluated considering the mechanical transmission components (gear box,
pulley, etc.) between the engine and the compressor by means of transmission efficiency
index (ηGB

tr ). A further thermal contribution (ECD,HP
th ) to the end-user is due to the HP by

means of its condenser (CD) that depends on the HP’s coefficient of performance (COPHP).
Thermal energy input to the evaporator, EEV,HP

th , depends on the interaction with the
external ambient. In the scheme of Figure 10, the heating load is split into two flows due to
different temperature levels that can be reached by the secondary heat transfer fluid (e.g.,
water) interacting with the condenser (up to 50 ◦C) and the engine recovery heat exchanger
(up to 65 ◦C). In the proposed configuration, the two heat exchangers work in parallel,
even if they could be arranged in series on the basis of the end-user’s thermal demands
(e.g., heating and domestic hot water).
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According to a control volume including only the heat pump, the COPHP could be
defined in Equation (1) [37] as:

COPHP =
ECD,HP

th

ECP,HP
m

(1)

Some authors [38] proposed a further performance index, Equation (2):

COPGEHP =
ECD,HP

th + EPM
th

ECP,HP
m

(2)

The energy index that could be introduced to characterise this configuration is the
primary energy ratio (PER), defined as the useful energy output to the primary input due
to a fuel. PER index is defined in Equation (3) as [39]:

PERGEHP
th =

EGEHP
th

EPM
p + EAUX,PP

p
=

EPM
th + ECD,HP

th

EPM
p +

EAUX
el
ηPP

el

(3)
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Due to the low electricity demand of the auxiliaries in comparison to the heat output
of the GEHP, and also to the variability of the power grid efficiency, the PER index could
be simplified by neglecting PP primary energy contribution, see Equation (4) [40]:

PER′GEHP
th =

EGEHP
th
EPM

p
=

EPM
th + ECD,HP

th
EPM

p
(4)

This index is also defined as gas utilisation efficiency (GUE) [5]. Many manufacturers
provide GUE values at defined nominal conditions.

The second configuration, shown in Figure 11, shows the GEHP in cooling operating
mode. In this scheme, there is no valorisation of thermal energy available from the internal
combustion engine. This is a typical GEHP operation mode in summer to meet space
cooling load thanks to the contribution of the heat pump only (EEV,HP

co ). The interaction
with the ambient due to heat pump by means of the condenser, ECD,HP

th , is shown in
Figure 11.
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The PER index is defined as the useful energy output to the primary input due to a
fuel. It is defined in Equation (5) as [39]:

PERGEHP
co =

EEV,HP
co

EPM
p + EAUX,PP

p
(5)

Additionally, in this case, the PER index could be simplified by neglecting auxiliaries,
as in Equation (6) [41]:

PER′GEHP
co =

EEV,HP
co

EPM
p

(6)

Considering a control volume including only the heat pump, the energy efficiency
ratio (EERHP) could be defined in Equation (7) as [37]:

EERHP =
EEV,HP

co

EPM
m

(7)

Figure 12 shows an upgrade of the configuration of Figure 11 combining heating and
cooling operation modes. In this case, the thermal energy available from the engine could
supply heating needs of the end-user, e.g., domestic hot water (DHW). This configuration
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is proposed for some GEHPs available on the market by introduction of the so-called DHW
kit. The primary energy ratio is defined in Equation (8) [39]:

PERGEHP
co,th =

EEV,HP
co + EPM

th

EPM
p + EAUX,PP

p
(8)
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Similar to Equations (4) and (6), this PER could be modified as [42]:

PER′GEHP
co,th =

EEV,HP
co + EPM

th
EPM

p
(9)

The three previous configurations could be modified by introducing an electric gen-
erator activated by the prime mover. In this case, there is no need for an external power
grid and the EG itself provides electric energy both to GEHP auxiliaries and to the other
electric end-user loads (electricity “production” mode). In Figure 13, a GEHP including the
EG and working in heating operating mode is reported. Mechanical energy available from
GB by means of PM is split between the electric generator and the heat pump by means of
the rPM

m parameter. Its value is, strictly speaking, in the range between 0 and 1, and it is
defined in Equation (10) as:

rPM
m =

ECP,HP
m

ηGB
tr EPM

m
(10)

When rPM
m is null, the heat pump section does not work, while a unitary value means

that EG is switched off. The other parameter affecting this configuration is rEG
el , which

varies between 0 and 1. In case there is not a surplus of electricity available from EG, its
value is null. In case electric and thermal useful outputs are available, the proposed system
works as a cogeneration (CHP, combined heat and power) system: there is a combined
production of thermal and electric energy starting from a single primary energy source.

The PER index could be defined through the following equations describing the
configuration with (Equation (11)) and without (Equation (12)) electricity surplus to the
end-user:

PERGEHP
th,el =

EPM
th + ECD,HP

th + EGEHP
el

EPM
p

=
EGEHP

th + EGEHP
el

EPM
p

(11)
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PERGEHP
th =

EPM
th + ECD,HP

th
EPM

p
=

EGEHP
th
EPM

p
(12)
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A further configuration including the EG could be introduced considering the cooling
operating mode (Figure 14). Similar to the previous scheme, there are two possible configu-
rations: in the first case, the electric power delivered by EG is equal to auxiliaries’ demand
of the GEHP (rEG

el = 0); in the second case, the capacity of EG exceeds the auxiliaries’ power
demand and the GEHP can also activate an external electric load. In this last case, the
system works as a combined cooling heating and power system (CCHP).

PER could be defined through the following equations, describing the configurations
with (Equation (13)) and without (Equation (14)) electricity surplus if operated in cooling
mode [38]:

PERGEHP
th,co,el =

EPM
th + EEV,HP

co + EGEHP
el

EPM
p

(13)

PERGEHP
th,co =

EPM
th + EEV,HP

co

EPM
p

(14)

In case there is not a thermal energy recovery (EPM
th ) from PM, the previous equations

could be rearranged in the following ways:

PERGEHP
co =

EEV,HP
co

EPM
p

(15)

PERGEHP
co,el =

EEV,HP
co + EGEHP

el
EPM

p
(16)



Energies 2021, 14, 4845 16 of 73

Energies 2021, 14, x  17 of 75 
 

 

demand of the GEHP (𝑟௘௟ாீ = 0); in the second case, the capacity of EG exceeds the auxilia-
ries’ power demand and the GEHP can also activate an external electric load. In this last 
case, the system works as a combined cooling heating and power system (CCHP). 

PER could be defined through the following equations, describing the configurations 
with (Equation (13)) and without (Equation (14)) electricity surplus if operated in cooling 
mode [38]: 𝑃𝐸𝑅௧௛,௖௢,௘௟ீாு௉ = 𝐸௧௛௉ெ + 𝐸௖௢ா௏,ு௉+𝐸௘௟ீாு௉𝐸௣௉ெ  (13)

𝑃𝐸𝑅௧௛,௖௢ீாு௉ = 𝐸௧௛௉ெ + 𝐸௖௢ா௏,ு௉𝐸௣௉ெ  (14)

In case there is not a thermal energy recovery (𝐸௧௛௉ெ) from PM, the previous equations 
could be rearranged in the following ways: 𝑃𝐸𝑅௖௢ீாு௉ = 𝐸௖௢ா௏,ு௉𝐸௣௉ெ  (15)

𝑃𝐸𝑅௖௢,௘௟ீாு௉ = 𝐸௖௢ா௏,ு௉+𝐸௘௟ீாு௉𝐸௣௉ெ  (16)

 
Figure 14. GEHP including an EG in cooling operating mode. 

1.3.2. Indirect Engine Heat Recovery 
In the following, the configurations with an indirect use of thermal energy available 

from the engine are presented. 
Figure 15 reports a GEHP in heating operating mode. In this layout, thermal energy 

available from the heat recovery system of the engine (PM) is used to improve vapour 
compression heat pump (HP) performance through a heat exchanger interacting with the 
HP evaporator. In this way, there is an increase in refrigerant pressure/temperature at the 

Figure 14. GEHP including an EG in cooling operating mode.

1.3.2. Indirect Engine Heat Recovery

In the following, the configurations with an indirect use of thermal energy available
from the engine are presented.

Figure 15 reports a GEHP in heating operating mode. In this layout, thermal energy
available from the heat recovery system of the engine (PM) is used to improve vapour
compression heat pump (HP) performance through a heat exchanger interacting with the
HP evaporator. In this way, there is an increase in refrigerant pressure/temperature at the
evaporator, leading to an improvement in the coefficient of performance of the heat pump.
The PER in heating operation mode is defined in Equation (17) as [39]:

PERGEHP
th =

ECD,HP
th

EPM
p + EAUX,PP

p
(17)

Neglecting the GEHP auxiliaries, it could be modified as [40]:

PER′GEHP
th =

ECD,HP
th
EPM

p
(18)

For the proposed configuration, on the basis of the GEHP load and outdoor air
condition, only a part of the thermal energy available from the engine could be used to
improve the performance of the HP section. The remaining available part is dissipated
towards the ambient. A different configuration could be considered to increase the use
of thermal energy available from the engine and thus improve the performance of the
GEHP. In this case, less than the available amount of thermal energy from the PM is used
to improve the HP performance, and a further heat exchanger could be added to fully
recover thermal energy from the engine. This configuration is reported in Figure 16, and
by means of the rPM

th factor thermal energy from PM, could be fully valorised to improve
the HP performance (rPM

th = 0), to directly satisfy end-user thermal load (rPM
th = 1) or could

be shared between two options (0 < rPM
th < 1).
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In this case, the PER is defined as (Equation (19)) [39]:

PERGEHP
th =

ECD,HP
th + EPM,US

th

EPM
p + EAUX,PP

p
(19)

Neglecting the GEHP auxiliaries, it could be modified as [40]:

PER′GEHP
th =

ECD,HP
th + EPM,US

th
EPM

p
(20)
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The GEHP including an EG could be represented as in Figure 17. The PER index could
be defined through the following equations, characterizing the scheme with (Equation (21))
and without (Equation (22)) electricity surplus:

PERGEHP
th,el =

ECD,HP
th + EPM,US

th + EGEHP
el

EPM
p

(21)

PERGEHP
th =

ECD,HP
th + EPM,US

th
EPM

p
(22)Energies 2021, 14, x  20 of 75 
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In cooling operation modes, the GEHP with indirect engine heat recovery works as a
direct engine heat recovery GEHP (see Figures 11, 12 and 14).

To highlight the energy conversion efficiency of GEHPs, in the following, the most
diffused GEHP installed during the past years and the units currently available on the
European market are considered. The data used to realise the next figures are available in
Tables A1–A3, included in Appendix A.

PER as a function of the rated cooling power for different GEHP operating modes will
be shown. In Figure 18, the PER index of air-to-air GEHPs working in heating and cooling
modes is reported. The PER of the newest models [32–34] for both heating and cooling
mode decreases with the GEHP size.

To understand this behaviour, it is fundamental to highlight that:

• For old GEHP models, there were many manufacturers using a high range of engine
models that were also able to cover a high range of cooling power.

• Due to a reduction of EHP investment costs, the GEHP manufacturers left the market
covered by low cooling power (<20 kW).

• To reduce the cost of GEHP, the manufacturers decided to use the same components
for different cooling sizes, as stated by datasheets. Different outdoor units of the



Energies 2021, 14, 4845 19 of 73

models actually available on the market have the same engine displacement, weight,
volume and refrigerant charge.

• For new GEHPs, there is a limited number of engines, 3–4 models, included in Japanese
units, and they are generally produced by the same manufacturer.

• Combining the effects of the two previous key points, low size units work at higher
efficiency conditions. The reduction of PER with cooling power is also due to the
reduction of engine mechanical efficiency, for which a maximum is reached for lower
GEHP sizes.
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newest GEHPs.

For example, a Japanese manufacturer [32] for three models in the range 22.4–35.5 of
cooling power uses the same engine (953 cm3), having the same volume (2559 cm3), weight
(565 kg), R410A content (11 kg) and compressor number (1 scroll), for outdoor units. In
Figure 18, inside a green ellipse, the PER in heating (red circles) and cooling (blue rhombus)
modes of the above-cited models are highlighted. The PER in cooling mode moves from
1.49 (cooling capacity 22.4 kW) to 1.35 (cooling capacity 35.5 kW). There is also a similar
trend of the PER in heating mode.

It could also be noted that for new GEHP units, the PER in heating mode is generally
higher than the PER in cooling mode. The average PER for heating (1.51) is about 7%
higher than the corresponding value in cooling (1.41).

For the oldest models [26], an increasing trend with the cooling capacity for both PERs
is found and their difference is higher: the average value for heating mode is 1.21, while
for cooling mode it is 0.88. In this case, the trend of PER, generally increasing with cooling
power, is different from that of new units due to the wide variety of engine models and
GEHP manufacturers. Furthermore, very high PER for old units in heating mode could be
justified by the use of direct engine heat recovery mode configuration.
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In the range covered by the newest and oldest GEHPs (20–70 kW), the performances
of the models available on the market appear to be higher.

In Figure 19, a comparison between air-to-air and air-to-water GEHPs currently
available on the market is proposed. It appears that at the same cooling capacity, the PERs
of water source heat pumps are worst due to the introduction of further devices (heat
exchanger, thermal storage, etc.) that lead to the addition of other energy losses. The
average PER in cooling mode for air-to-air (A/A) GEHP is 1.40, while for the air-to-water
(A/W) unit, is 1.27. In heating mode, the PER difference is lighter (A/A: 1.51, A/W: 1.48).
A similar explanation provided for air-to-air units to justify the decreasing trend of PER
with cooling power could also be considered for air-to-water units.
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Some GEHP models include the ability to add a DHW (Domestic Hot Water) kit to
exploit thermal recovery from the engine when GEHP works in cooling mode. In this case,
the PER of the unit strongly increases, as shown in Figure 20, moving from 1.4 (cooling
only) to 1.9 (combined heating and cooling) with an improvement of about 36%.
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1.3.3. Comparison GEHP/EHP: Heating Mode

In order to evaluate in which operating conditions the GEHP could guarantee advan-
tages in terms of primary energy saving and CO2 emission reduction with respect to the
EHP-based system, a sensitivity analysis is performed here.

The comparison is carried out on the basis of equal thermal energy delivered to the
end-user. For this reason, in the EHP-based system, a natural gas boiler is also included to
meet the thermal requirements not satisfied by EHP at low air temperatures.

In Figure 21, the proposed system (PS), including GEHP and the traditional system
(TS) composed by EHP and the boiler, are shown. The information used for the comparison
is taken from experimental work on air-to-water GEHP [43] and manufacturer data for
EHP [44], while for the boiler, a thermal efficiency equal to 0.926 has been estimated. The
emission factor for natural gas is equal to 0.205 kg CO2/kW hEp.
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Figure 21. Comparison between GEHP-based and EHP/B-based systems.

The thermal power delivered by EHP and integration of the boiler at low temperatures
are considered in Figure 22. GEHP is able to cover the global thermal power met by the
reference system.
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Figure 22. Thermal power delivered by EHP and the boiler as a function of outdoor air temperature.

Table 1 reports the emission factors and power grid efficiency [45] for some European
countries in order to evaluate the locations or the outdoor air temperatures in which GEHP
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could be preferable to the EHP-based system. The data reported in Table 1 take into account
power plant auxiliaries and grid losses and are related to thermoelectric plants only.

Table 1. Emission factors and power grid efficiency for some European countries [45].

Country α (kg CO2/kW hel) Power Grid Efficiency (–)

EU28 0.634 0.437

Poland 0.779 0.427

Germany 0.730 0.414

Spain 0.693 0.388

France 0.575 0.434

UK 0.482 0.421

Italy 0.482 0.466

A comparison between two systems is also reported in Figure 23 in terms of primary
energy saving (Equation (23)):

PES =
EPS

p − ETS
p

ETS
p

(23)Energies 2021, 14, x  25 of 75 
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From Figure 23, it appears that PES is strongly influenced by the electric efficiency
of the power grid. The GEHP-based system could be considered interesting only for
low-efficiency power grid systems, not very common in Europe. A GEHP with direct heat
recovery from the engine should have a better performance than EHP-based systems.

The proposed system is compared to an EHP-based system in Figure 24 by means of
avoiding carbon dioxide emissions (Equation (24)):

∆CO2 =
COTS

2 − COPS
2

COTS
2

(24)

On an environmental basis, GEHP appears more interesting than traditional systems
in different EU countries, and in particular, its impact is the lowest considering EU28 data.
This result highlights the role that GEHPs could have in decarbonisation goals that need to
be achieved by 2030 and by 2050 in the EU. A further improvement of the environmental
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impact could be added thanks to the contribution of biomethane and green hydrogen to
the gas network.
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1.3.4. Comparison GEHP/EHP: Cooling Mode

In this section, a comparison between GEHP with and without the DHW kit and EHP
working in cooling mode combined or not with a boiler on an energy and environmental
basis is reported. The comparison is performed considering that both the systems deliver
the same amount of cooling and thermal energy. In Figure 25, GEHP and EHP/B sys-
tems are shown. The reference electric efficiency is considered equal to 0.437 according
to the EU28 power grid average value [45], while for the natural gas-fuelled boiler, ther-
mal efficiency is 0.926. The emission factors considered for environmental analysis are
0.634 kg CO2/kW hel [45] for electricity (EU28, Table 1) and 0.205 kg CO2/kW hEp for
natural gas. The information used for the PER evaluation is taken from [43] for GEHP and
from [44] for EHP.
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In Figure 26, PES shows an improvement as a function of outdoor air temperature.
PES is always positive when the GEHP system equipped with a DHW kit is considered. A
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primary energy saving in the range 24–40% is guaranteed by the GEHP system if compared
to EHP/B. The GEHP configuration without thermal recovery is preferable to EHP only
with outdoor air temperature higher than 34 ◦C.
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In Figure 27, ∆CO2 is reported considering the comparison between GHEP with and
without the DHW kit vs. the EHP-based system. GEHP has an environmental impact lower
than the EHP/B system, with a percentage reduction in the range 43–50%. Without exhaust
heat recovery, GEHP shows better results than the EHP system, avoiding CO2 emissions in
the range 20–33%.
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In this configuration, the GEHP shows very interesting results in terms of primary
energy saving and CO2 emission reduction, highlighting the importance of finding applica-
tions in which thermal energy should be exploited during the summer season.

1.3.5. Biomass-Fired Air Source GEHP Serving a Low-Temperature District
Heating Network

Different research activities are focused on the coupling of a biomass gasifier with an
internal combustion engine to realise a combined heat and power system [46–48]. Gabbrielli
et al., in [46], experimentally analysed an internal combustion engine activated by syngas
available from a biomass gasifier. A CHP system based on internal combustion engine
fuelled by syngas produced by a biomass gasifier is experimentally evaluated in [47]. A
trigeneration system including a biomass gasifier is modelled in [48]. Starting from this
interaction, it could be interesting to use a wood biomass-based gasifier (G) to feed an
air-to-water GEHP, serving a LTDH network. This combination could be really interesting
in the areas in which local wood (forestry maintenance, short rotation forestry, waste wood
from timber industry) or agriculture waste biomass are available [49]. Several advantages
can be obtained supporting this path:

• A proper valorisation of available renewable sources, otherwise unused.
• To contribute to achieving sustainable energy targets related to thermal energy de-

mand [50].
• To sustain the local forest-energy chain.
• To reduce the use of fossil fuels, especially in areas not served by a natural gas

distribution network.
• To support the local community, reducing the risk of leaving areas economically

disadvantaged.

Different researchers investigated the introduction of electric-driven heat pumps
serving district heating networks. An extensive analysis highlighting the application,
advantages and issues of this technology in some areas, is reported in [51].

Thanks to the production of syngas by means of a gasifier treating wood biomass
or agriculture by-products, it is possible to realise a zero-carbon district heating network
using a renewable and sustainable fuel.

One of the main components of the proposed system is the gasifier, that has a role
of converting the primary energy of biomass in a gaseous fuel, defined as synthetic gas
(syngas). The process on which the biomass gasification is based could usually be divided
into the following reactions: heating and drying, pyrolysis, oxidation and reduction at high
temperature.

The ratio between primary energy of produced syngas to biomass primary energy,
defined as the efficiency of the gasification process, is generally in the range between 60%
and 90% [52–54]. Bisht et al., in [52], analysed on a simulative basis a small-scale biomass
gasification plant. Ribó-Pérez et al. [53] simulated a gasifier power plant including an
electric generator by means of HOMER software. Vargas-Salgado et al. [54] designed, sized
and experimentally analysed small-scale fluidised bed gasification plants. The system
produces syngas with a gasifier efficiency in the range 59–82%. It mainly depends on
biomass composition [55], its moisture content and gasifier technology (fixed bed, fluidised
bed). The fuel leaving the gasifier needs to be cooled by means of a heat exchanger (gas
cooling unit) and then cleaned removing contaminants (particulate matter, char, ash, etc.).
Thermal energy available from the gas cooling unit is generally used to reduce the moisture
content of biomass or could be used to satisfy a thermal demand. The main components of
syngas are CO, H2, N2, CO2, and CH4, and their percentage depends on various factors,
such as biomass and gasifier. It is important to reach a certain lower heating value to
guarantee a proper use of syngas in internal combustion engines [56], which represent the
most common technology used for this fuel.

A simplified scheme of the proposed LTDH network working in heating mode only
is proposed in Figure 28, in which gas cooler unit is removed for the sake of simplicity.
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The majority of district heating networks work in heating mode only, especially satisfying
thermal demand for space heating and domestic hot water. The gasifier efficiency is
assumed equal to 75%, and with respect to a small-scale internal combustion engine (30 kW),
a mechanical efficiency equal to 32% and a thermal efficiency due to heat recovered by
means of a heat exchanger (exhaust gases, engine liquid coolant) of 56%, are considered [57].
Two heat exchangers recovering thermal energy from the HP condenser and engine could
also be arranged in series to reach higher temperatures for a water-feeding thermal network.
An average COP equal to 4 is estimated for heat pumps working in heating mode, assuming
for simplicity the same performance all year-long. Auxiliary plant requirements have also
been estimated considering a power grid efficiency of 43.7%. The energy flows of the
proposed system are reported in Table 2.
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Table 2. Biomass-fired GEHP data.

Energy Flow Symbol Measurement Unit (kWh)

Primary energy input to gasifier EG
p,Bio 131.73

Primary energy input to PM due to syngas EG
p,Syn 98.80

Mechanical energy output to PM EPM
m 31.62

Thermal energy output from PM to LTDH EPM
th 55.33

Thermal energy output from condenser heat pump ECO,HP
th 126.46

Electric energy for system’s auxiliaries EAUX
el 5.00

The primary energy ratio for the G-GEHP system is defined as (Equation (25)):

PERG−GEHP
th =

EPM
th + ECD,HP

th

EG
p,Bio + EAUX,PP

p
(25)

and it is equal to 1.27.
Comparing this system with a commonly used biomass-fuelled boiler with a thermal

efficiency of 85%, the GEHP-based system could guarantee a primary energy saving (PES)
higher than 30%. Biomass-based district heating systems are very common in northern
Europe [58] and also in rural [59] and mountain [60] areas, and the introduction of the
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proposed system could allow to better exploit local available biomass. The proposed
system could also have an important role in the transition towards a low-temperature
district heating network.

In Figure 29, the trend of PES as a function of gasifier efficiency and heat pump COP is
shown. PES is almost always positive, and it is negative in the worst case (gasifier efficiency
60%, COP 3), and it reaches 52% in the best case (gasifier efficiency 90%, COP 5). This
behaviour highlights the advantages on an energy basis of the proposed GEHP system.
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This scheme could also be considered for low-temperature district heating and cooling
networks, both considering air-to-water GEHP units.

A further interesting configuration could be based on the introduction of a ground-to-
water GEHP, further improving the performance of the proposed system.

1.4. Summary of GEHP Technology

The analysis carried out in this section allowed the introduction of this technology, to
show the different ways to recover a heat engine (direct, indirect), as well as to highlight
the most common layouts of GEHP working in heating, cooling, combined heating and
cooling, cogeneration and trigeneration modes.

Furthermore, the analysis aimed to find the improvements of GEHPs during the
development of this technology. In particular, with respect to its main competitor (EHP),
the main advantages and disadvantages are also highlighted, and a comparison has been
performed. In particular, the following main outcomes could be highlighted:

• GEHPs manufacturers have abandoned the sale of small-scale units (4.6–20.5 kW),
suitable for residential apartments (up to four indoor units), due to EHPs’ cost re-
duction (Figure 2) and to the improvement in part load efficiency on EHP thanks to
the introduction of the inverter. To the best of the authors’ knowledge, small units
with a cooling capacity equal to 14 and 18 kW are currently available only on the
Japanese market.

• An average volume per unit of cooling power is equal to 0.066 m3/kWco for GEHP on
the market and equal to 0.079 m3/kWco for old GEHP, while for actual EHP, the value
reaches 0.041 m3/kWco.
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• An average weight per unit of cooling power equal to 16.18 kg/kWco characterizes the
GEHP on the market, a higher value is related to old GEHP (23.96 kg/kWco), while
the EHP requires 7.70 kg/kWco.

• The average noise for new GEHPs is 58.83 dBA, for old units is 60.30 dBA, while the
EHPs present 62.33 dBA.

• The average PER of GEHPs working in cooling mode is 1.38 for new units, while it is
0.83 for old models.

• The average PER of gas engine-driven heat pumps reaches 1.54 for new models, while
it is 1.27 for units no longer available on the market.

After introducing GEHP technology, the present work is now focused on the following
main topics:

(1) The historical review of the GEHP development up to now, highlighting the main char-
acteristics of the GEHP units for residential and commercial applications, nowadays
commercially available (Section 2).

(2) The description of the research and development activities based on experimental
research, field and laboratory tests, as well as on simulation models of this complex
energy conversion system (Section 3).

2. Historical Review
2.1. Development Phase

The development of small gas engine-driven heat pumps was carried out throughout
the years by two of the major industrial economies, the United States and Japan. Subse-
quently, even Europe was involved in research and development programs concerning
the GEHPs.

In the USA, there were limitations in developing gas engine-driven heat pumps until
the end of the 1970s, and electric-driven heat pumps were preferred for the lowest initial
cost and for the easy accessibility of the power grid [61].

The situation evolved during the 1980s, a period in which relevant results in the field
of GEHPs were obtained and the first units were commercialised. The main reasons that
influenced the competitiveness of gas air conditioning were the decrease of gas prices due
to the oil collapse and the improvements of gas supply systems.

Throughout these years, several gas companies in the USA tested different kinds of
gas engine-driven heat pumps.

In 1985, York company started to develop the 3 RT (Refrigeration Tonne, 1 RT = 3.5 kW)
GEHP, later commercialised in 1992 [62]. The novelties of the unit regarded a new engine,
designed by Briggs and Stratton, with both high efficiency and durability (4000 h), and the
development of a new open reciprocating compressor [63].

In 1987, a 150 RT gas engine-driven chiller with a COP equal to 1.7 was installed in a
Washington DC hotel. Furthermore, this device, equipped with an engine characterised
by a 1153 cm3 displacement, was capable to achieve a mechanical power of 115 kW at
3200 rpm. Such unit also provided an engine heat recovery system to make maximum
advantage of the waste heat available from the engine and a hot water storage tank to
satisfy the hotel’s hot water needs during the summer cooling season [64].

In 2006, research and development projects were started involving different USA
partners (US Department of Energy, Oak Ridge National Laboratory, etc.), aiming to
introduce residential GEHPs on the USA market, but up to now, the products are not yet
available [6]. Nowadays, the majority of the GHEPs commercialised in the USA are mainly
imported from Japan.

In Japan, the whole market of small air conditioners for commercial use was oriented
toward electric heat pumps, and studies on GEHPs only started in 1979. Nevertheless, the
first small gas engine heat pumps were marketed in 1987 [65].

Between 1981 and 1984, fifteen companies (three gas utilities, five engine manufac-
turers and seven air conditioner manufacturers) performed a research activity developing
seven types of gas engine-driven heat pumps based on liquid-cooled internal combustion
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engines. In addition, tests on durability and feasibility of such systems were conducted,
attesting a working time period of 20,000 h, a success that undoubtedly led to the second
phase of GEHPs’ development in Japan [20,66].

From 1987, GEHPs were commercialised, and only a year after their launch, 10,000
units were installed. The reasons why sales of GEHPs rapidly increased were manifold [67]:

• Low running costs and electric consumption.
• Large heating capacity.
• No discomfort during defrosting.

Since then, a great variety of models have been produced, finding a wide range of
applications.

An important contribution in this field was made by Yamaha Motor Co., who placed
small gas engine heat pumps on the market with a power ranging from 1.3 to 5.3 RT
(4.6–18.7 kW). These models were all characterised by low levels of noise and vibrations
and by high reliability and durability, resulting as suitable for the residential sector [68].

Successively, due to an increasing interest in hotels and sport centres, it was neces-
sary to develop medium-sized GEHPs with a power of 40 RT (141 kW) able to satisfy
heating/cooling demands and to also supply hot water (60 ◦C) [69].

The gas engine-driven heat pumps found application even in the industrial sector, as
stated by their application at the Matsudo Factory of Takara Shuzo [70].

In 2003, Osaka Gas released on the market a GEHP integrating a power generator of
1 kW to meet unit auxiliaries’ (cooling fan, cooling water pump) demand and to reduce
electricity required by the outdoor unit [71]. Further upgrades of this unit were introduced
in the market by joint cooperation between gas companies and GEHP manufacturers, with
the aim to meet with the generator external electric loads (up to 4 kW), and also including
a battery to allow the GEHP to start even in the absence of the power grid [72,73].

In 2016, Osaka Gas, Toho Gas and Panasonic Corporation jointly developed a hybrid
air conditioning system, named “Smart Multi”. This system integrates a GEHP and an
EHP interacting with the same refrigerant line, and it is operated by remote control [74,75].

Nowadays, it is easy to find these devices in offices (40%), schools (20%) and industries
(10%), while less common is their usage for residential purposes (3%) [76].

Additionally, Europe had a role in developing GEHP technology, as stated by an
installation at Festival Hall in London in 1951 [77].

Since 1975, German industries have attempted to develop small gas heat pumps, and
the main manufacturers involved in this project were Ford, Volkswagen, Hatzmotoren-
werke and Fichtel and Sachs [20].

In particular, Fichtel and Sachs designed a new high-efficiency engine allowing a low
level of noise, vibrations and emissions. From this research, the 20 kW model, with the
possibility of heating and hot water production, was developed and commercialised [78].

Differently, in Italy, the research involving gas companies and manufacturers was
focused on gas engine heat pumps, with power ranging from 80 to 200 kW.

2.2. Market

During 2017, the global heat pump market reached the size of USD 48.18 billion, with
the expectation of continuous growth until the achievement of USD 94.42 billion by 2023.
In particular, by analysing the four areas (Asia Pacific, Europe, North America and the Rest
of the World) in which the global heat pump market is subdivided, the market domination
in the Asia Pacific region is expected. This is due to increased investments in residential
and commercial areas and growing industrialisation in the China and India regions [79].

Focusing on Europe, from the “European Heat Pump Market Statistics Report” drafted
in 2018, it is possible to highlight that heat pump sales have increased by about 11% over
2017, with a total of 1.11 million units sold. Furthermore, supposing a useful life of 20 years,
the actual European stock of heat pumps amounts to 10.6 million installed units. The
major markets, in France, Italy and Spain, are responsible for half of the sales all across
Europe [80].
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The actual GEHP market is mainly covered by Japanese manufacturers, even if other
companies are trying to introduce other models in the North American area [81] and in
Europe [82]. The GEHP units are mainly installed in Japan, reaching a percentage of 92.8%
(about 650,000 units) on the cumulative production up to 2015 [73]. The remaining part
(7.2%, about 50,000 units) is shared among Republic of Korea, Europe, China, Oceania,
North and Latin America, as stated in Figure 30.
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With particular regard to the Asia Pacific area, in 2017, the Japanese market reached
an air conditioner demand equal to 9.7 million units. In the Japanese market, the role of
the GEHP is low even if the penetration of such equipment is higher than in the rest of
the world. In the period 2005–2017, the GEHPs installed per fiscal year in Japan were
between 12,602 (2010) and 27,920 (2005) (Figure 31) [83]. The figure shows a decreasing
trend between 2005 and 2010, with a recovery in the following years, while in the period
2014–2017, the sales remained stable.
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In Europe, as stated in Figure 32, the GEHPs have a marginal role in the space heating
and cooling market, with 600–800 units sold per fiscal year in the period 2006–2016.

Finally, in Appendix A, the most diffused units installed in the starting phase of GEHP
diffusion (Table A1) are reported, as well as the models introduced in recent years on the
European market (Tables A2 and A3).
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2.3. Summary of GEHP Evolution Trend

The analysis performed in this section allowed to analyse both the starting devel-
opment phase of this technology in USA, Japan, Europe and the actual market, which is
almost exclusively covered by Japanese units.

The development of this new technology, more complex with respect to the electric
heat pump, found these main problems: the choice and the design of engines for stationary
use, as well as the transition from prime movers fuelled by liquid fuels (diesel, gasoline) to
units fed by natural gas. In particular, the following main outcomes could be highlighted:

• In Japan, the direct support of gas utilities, engine and air conditioner manufacturers,
and the coordination of the Ministry of International Trade and Industry, allowed
the birth of a research consortium fundamental for the development and the market
supremacy of Japanese GEHPS.

• To reduce the high first cost, many manufacturers, especially in Europe and the USA,
tried to derive GHEP’s engine from automotive ones. The Japanese approach to the
design of a new small-scale engine for this stationary use was a further key factor to
guarantee long lifetime, high reliability and consequently low maintenance costs.

• At the start of the developing and market phase, both technologies, direct and indirect
heat recovery, are considered. Additionally, in this case, the Japanese choice to focus
the attention to the simple and closer to the EHP approach of the 2 pipes was most
rewarded by the market.

• Different R&D projects were not carried out due to the primary problem regarding
the engines of automotive derivation not suitable for supporting GEHP operating
conditions.

3. Research and Development Activities

In the following section, a review of the R&D activities on GEHP is reported. The
analysis covers a period from 1975 to 2020 and it is organised to highlight the contribution
of different research groups engaged worldwide in theoretical and experimental analysis
of the GEHPs. Furthermore, the different contributions are organised on a temporal basis
considering the first paper published by the research group. In some cases, there is only
one paper published by the group.

3.1. Overview
3.1.1. Georgia Institute of Technology, USA (1975)

In [84], Honeycheck reported the results of an experimental analysis performed on
a GEHP based on an air-cooled rotary internal combustion engine (Wankel engine). At
Georgia Institute of Technology (USA), the performance of a prototype of GEHP in heating
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and cooling modes has been evaluated. An experimental comparison among a gas furnace,
an EHP and the GEHP is reported too.

3.1.2. Open University, UK (1984)

Newport [77] reported the results on the design, construction, lab testing and per-
formance evaluation of a GEHP prototype developed with the contribution of an Open
University (UK) research group. The system is based on a modified liquid-cooled marine
engine with a displacement of 360 cm3. A lab test on the prototype has been carried out at
steady-state condition by varying evaporating temperature (−10–10 ◦C) and hot water in-
let/outlet temperatures (35/55, 45/65, 50/70, 35/60 ◦C) as well as considering intermittent
conditions to evaluate the best control strategy, aiming to maximise the performance. The
PER obtained was in the range between 0.92 and 1.43, highlighting interesting results.

3.1.3. University of Aston, UK (1984)

In [85], the author, in cooperation with the University of Aston (UK) and an industrial
partner, investigated the performance of a GEHP prototype, also focusing on the defrosting
techniques on the evaporator. The performance of the system has been experimentally eval-
uated at steady-state conditions by varying engine speed (1500–3000 rpm) and outdoor air
conditions. The unit has been analysed at transient operating condition to evaluate the effect
of frost formation on the system energy output. The unit was also used, meeting the energy
demand of a swimming pool. A gas fluidised bed for evaporator defrosting was tested, too.

3.1.4. Iowa State University, USA (1990)

Rusk et al. [86] introduced a mathematical model of a GEHP working in heating mode.
The engine model was proposed by the authors and it is based on polynomials that provide
the different outputs as a function of the engine speed and shaft power. The heat pump
model has been taken from other authors [87]. Energy and economic analyses of the GEHP
were performed considering two USA locations (Des Moines, Dallas).

3.1.5. Campania Universities Group, Italy (1993–2013)

Intense theoretical and experimental research has been carried out by the GEHP
research groups of the Campania Region (Italy), first at the University of Naples Federico
II and then at the Sannio and SUN Universities [5,20,26,88–97]. Throughout their research,
the team focused their attention on the study of heat engine-driven heat pumps, devices
that allow obtaining high values of PER thanks to the recovery of the waste heat from the
engine. Thus, research focused on GEHP were manifold and the starting points were both
the definition of reference thermodynamic models and the simulation of their behaviour
with the changing of climatic conditions.

In [20], an overview of GEHP status up to the year 1993 has been carried out. The
paper reported a short description of the GEHP system, the reasons leading the GEHP
introduction and their development. Further topics treated in the paper are related to the
history of small-scale GEHP technology development in the USA, Japan and Europe.

In [88], the authors reported field test results performed on a GEHP working in heating
mode and used for a residential application in Naples. The best results show a heating
power from 5.2 to 5.4 kW and a PER between 1.14 and 1.18. The paper also reported the
performance and heating power at partial load.

In [89], an energy and exergetic analysis on a gas engine-driven heat pump is carried
out. For the evaluation of the energy and exergetic performance as functions of outdoor
temperature in heating mode, a mathematical model was used. This model provided,
as a function of outdoor air temperature, the energy input and output of the engine, the
condenser and the auxiliary furnace. The model can also simulate at constant and variable
compressor speed. The results of the simulations underlined that the exergy destruction
was mostly localised in the prime mover, while the losses in the vapour compression heat
pump subsystem varied from 20% to 30% of the global exergy input.
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A study on the influence of irreversible heat transfer of the GEHP model is conducted
in [90]. For developing such a thermodynamic model, it was necessary to introduce
the finite-time thermodynamics that allowed for overcoming the limits related to the
approach of Classical Thermodynamics. To get closer to the actual machine, the influence
of irreversible heat transfer is considered (finite-time approach). The main objective was to
predict the optimum operating conditions (maximum thermal power) of an actual system,
and therefore a simplified irreversible model was developed.

Similarly, in [91], in reference to a heat engine-driven heat pump with waste heat
engine recovery and considering the irreversibility related only to heat transfer under finite
temperature differences, the performance of both the prime mover and heat pump were
analysed. Furthermore, an endoreversible model was introduced with a more complex
heat exchanger network to satisfy the heat demand by means of several heat reservoirs
at different temperatures, so the diverse energy requirements (heating and domestic hot
water) were simulated.

The aim of Reference [92] was finding the optimum performance of an engine-driven
heat pump based on the finite-time thermodynamic approach, which can provide more
realistic limits on the optimal operation of energy conversion systems considering the
constraints represented by finite-time operation and limited heat exchange area. Initially,
only thermal irreversibilities were considered, but successively, to obtain a model closer
to reality, the so-called “internal” irreversibilities were taken into account. At the end, a
comparison between the performance of the irreversible model and those of existing GEHP
units was carried out.

The finite-time theory has also been applied in [93] to evaluate GEHP’s performance
as a function of heat exchangers’ thermal resistances. Therefore, this methodology allowed
considerations about the optimal allocation of the heat exchangers in the plant design,
and moreover, the irreversible model considered herein was even investigated from a
thermo-economic point of view, assessing both capital and operating costs.

In parallel, the technical-economic feasibility of different designs providing the use
of heat engine-driven heat pumps was examined, and an intense experimental analysis
was also conducted to verify the on-site performance of the gas engine-driven heat pumps.
The analysis of the data collected during a 3-year field test on a GEHP conducted in an
office building in Naples (Italy) was performed in [94]. The performance of a small-size
Japanese GEHP (2.2 RT, 3 splits, 7.81 kW in cooling mode and 12.2 kW in heating mode) as
a function of the outdoor air temperature, operating mode and the number of active indoor
units was investigated. In particular, the highest energy conversion efficiency (PER = 1.25)
was reached in heating mode during the operation with 2 or 3 splits, while the efficiency
decreased if the machine operated with one indoor unit or in ON/OFF mode. These high
performances were obtained even in the case of low values of outdoor air temperature.
The last important aspect analysed in this paper regarded the optimum placement of
the GEHP with the aim to match the user load, avoiding operation in ON/OFF and the
efficiency losses.

The main objective of [26] was the analysis of experimental works (climatic cham-
ber tests, field tests, on-site tests) performed on small GEHPs by the authors and other
researchers. The paper also covered a wider analysis of historical development and the
market situation of GEHP, focusing the attention on Europe, Japan and the USA. A further
section treated the reasons leading to GEHP diffusion.

The problems about performance evaluated on the basis of on-site measurements of
heat engine-driven heat pumps were analysed in [95]. In this work, attention was paid
firstly to the definition of the GEHP performance parameters and then to the consequent
quantities to be measured and monitored. The attempt of obtaining more reliable results
with respect to the ones already available, usually achieved with climatic chamber tests,
was in contrast with the difficulty of on-site measurement of thermohygrometric properties.
Thus, more suitable sensors were detected, and their uncertainties were analysed.
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In [96], the monitoring and remote-control system of a GEHP installed in an office
located in Naples are described. This unit at nominal operating condition delivers 8.16 kW
in heating mode, with a PER equal to 1.22. In this work, the experimental results related
to data collected in winter are reported. Furthermore, the thermal power referred to
the operation mode with one or two active indoor units and the values of the PER as
functions of the outdoor air temperature were presented too. Such values, reported on a
daily, monthly and seasonal basis, were in agreement with manufacturer data at partial
load operation.

The use of GEHPs in cold climate is highlighted in [97]. These devices in fact offer
high heating performance in heating operation mode due to the lower influence of outdoor
air temperature compared to electric-driven heat pumps. Moreover, the gas-fuelled system
presents a high partial load efficiency thanks to the modulation of the engine power and
does not require defrosting operations. Tests executed in the climatic chamber confirmed
that the high energy performance is due to both the waste heat recovery from the engine
and the rotational speed variation of the engine. Finally, the GEHPs allow to guarantee
comfort conditions, supplying warm indoor air flow at high temperatures.

Finally, a review of GEHPs updated to 2013 for residential applications is presented
in [5]. In particular, all models with rated heating capacity lower than 100 kW commer-
cially available and their main characteristics are listed. Furthermore, the experimental
performance of the units measured by means of field or lab tests are discussed in detail.

3.1.6. Pacific Northwest Laboratory, USA (1995)

At Pacific Northwest Laboratory, under the supervision of Battelle Memorial Institute
and with the funding support of the USA Department of Energy, a GEHP was tested
in cooling [98] and heating modes [99]. The reports showed the performance and cost-
effectiveness of a GEHP unit (Triathlon) produced by a USA company (York). Experimental
analyses started in August 1993 and continued through the end of 1995 and were per-
formed in three residential buildings at Fort Sam Houston (San Antonio, TX, USA). Much
information on the data acquisition systems, the comparison among the three GEHPs, daily
average PER, PER as a function of outdoor air temperature, etc., are included in the work.
The gas-fuelled unit reached, considering all the heating periods, a PER equal to 1.28, while
in the cooling period, the PER was 1.13, highlighting the good performance of the unit in
the field tests, perfectly in agreement with those declared by the manufacturer.

3.1.7. Tianjin University, China (2003–2019)

Yang and other authors, a research group of Tianjin University (China), reported
theoretical and experimental analysis of a GEHP system [38,100–112].

In [100], the authors analysed a mathematical model of a gas engine-driven compression-
absorption heat pump (GECAHP) working in cooling mode considering two different
layouts. The objective function was the maximum PER, constraining the maximum of the
total heat-exchange area per unit of cooling capacity.

In [101], a dynamic model of a GEHP and a smart control simulation are presented to
evaluate the dynamic performance of the system in heating mode. A model of each com-
ponent of the GEHP system (natural gas engine, compressor, condenser, expansion valve,
evaporator, cylinder jacket heat exchanger, exhaust gas heat exchanger, auxiliary heater)
is reported. The authors proposed a smart control scheme combining the classical PID
(proportional–integral–derivative) algorithm and a fuzzy control. The GEHP model was
used to test the effect of the proposed control algorithm and the results were satisfactory.

In [102], a mathematical model of a GEHP, based on the model developed in [86],
serving an air conditioning system is presented. An energy analysis investigating the
influence of various factors, including the outdoor air temperature and humidity in summer
and winter, is reported. An energy comparison between the proposed system and a
traditional one based on an electric-activated heat pump is also reported.
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In [103], an experimental and simulation analysis on a water-to-water GEHP is pre-
sented. The paper shows the test results as a function of the engine speed when the
evaporating and the condensing temperature are 15 and 44 ◦C, respectively. Engine natural
gas consumption, heating (HP condenser, exhaust gases recovery, engine jacket recovery)
and cooling (HP evaporator) outputs, PER, COP and EER are reported as functions of the
engine speed. The authors also evaluated the impact on the demand of natural gas and
electricity due to a different penetration of GEHPs to satisfy space heating and cooling
demands in Beijing (China).

In [38], a GEHP integrating an electric generator was experimentally as well as theo-
retically analysed. The electric generator is driven by the natural gas engine and can meet
GEHP auxiliaries’ demands. The experimental analysis was performed in heating mode by
varying engine speed (1300–2000 rpm), water flow rate (2.1–3.9 m3/h) and evaporation tem-
perature (−5 to 2 ◦C). For each test, the authors evaluated thermal power (condenser, exhaust
gases, engine jacket), engine shaft power, fuel consumption and performance indexes.

In [104], the control algorithm of an air-to-water GEHP is described. The GEHP output,
and consequently the engine speed, are modified according to the return water temperature.
The dynamic responses of the proposed control system are analysed, and the theoretical
analysis and simulations are also reported. This control strategy was experimentally
analysed in [105], evaluating the engine rotary speed response as a function of different
operating condition variations.

In [106], an air-to-water GEHP working in heating mode is experimentally analysed. A
numerical model for the main GEHP components (gas engine, heat pump) is also presented.
The experimental tests were performed evaluating PER, COP and thermal power output.
The results were reported by varying outdoor air temperature (−5, 7 ◦C), engine speed
(1350, 1600, 2000 rpm), hot water flow rate (4.42, 5.09, 5.42 m3/h) and hot water outlet
temperature (38, 46, 55 ◦C). The authors also reported different defrosting processes that
could be considered.

In [107], the seasonal performance of a water-to-water GEHP is reported for the com-
bined cooling and heating operating mode. Thermal energy is recovered by both heat
pump condenser and engine waste heat. The paper presents a new performance index
named the “integrated primary energy ratio” (IPER) based on PER and seasonal perfor-
mance ratio (SPER). The SPER method, as proposed by the American Refrigeration Institute
(ARI), is not suitable to evaluate the performance of GEHP working in combined heating
and cooling mode. The proposed index, overcoming the restraints of the SPER, allows
evaluating the performance of GEHP on a seasonal basis, performing four experimental
tests. To test the validity of the proposed index, IPER, experimental studies on seasonal
performance of GEHP have been carried out under the summer working condition. The
use of IPER led to an error, evaluated considering 16 experimental tests, equal only to 3.7%
if compared to SPER, therefore highlighting the validity of the proposed index.

In [108], the cooling performance of GEHP integrating a generator and using a refrig-
erant mixture of R134a/R152a was experimentally investigated. Power input and output
for gas engine (jacket recovery, exhaust gas, generator power, primary input) and heat
pump (cooling capacity, compressor power) as well as system performance (PER, COP)
are evaluated by varying engine speed (1300–1900 rpm), evaporator water inlet flow rate
(3.51–5.43 m3/h) and evaporator water inlet temperature (12–22 ◦C).

In [109], a GEHP integrating electricity, thermal and cooling storages is analysed
on both an experimental and simulation basis. This unit is designed with the aim to
have a stand-alone GEHP system with appropriate size of energy storages as well as an
appropriate control system. The authors considered, on a simulation basis, the introduction
of this unit for an office building located in Tianjin (China). The authors reported a
comparison between experimental and simulation data for typical winter, summer and
intermediate days. The simulation results well-agreed with experimental data, where
the average difference was 8.9%, 9.63% and 21.7% for the annual primary energy ratio in
heating, cooling and intermediate days, respectively.
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In [110], three different control strategies in the cooling mode of a GEHP system
already proposed in [109] are analysed. The three operating strategies differ on an eco-
nomic basis and involve the operation of the GEHP and/or the cooling energy storage. A
comparison between the GEHP with and without the cooling energy storage is introduced,
highlighting the advantages of the first configuration on an energy basis.

In [111], the performance on a simulation basis of a GEHP satisfying heating and
cooling loads of different types of buildings (residential, hotel, office, university) located in
Tianjin (China) is evaluated. The GEHP also integrates an electricity storage charged by
the engine. The results of an experimental analysis considering typical heating and cooling
days chosen for preliminary evaluation data were also shown. A comparison between
the GEHP model and experimental data led to a relative error lower than 12% in cooling
mode and 35.6% in heating mode. A comparison between the GEHP with and without any
energy storage is reported.

In [112], a novel solar photovoltaic/thermal system (PV/T)-assisted GEHP system,
integrating an electricity and a thermal storage, was presented. The PV/T could not only
meet the electricity demand for auxiliaries of the system, but also provide heat for the
evaporator of GEHP working in heating mode. Experimental results of a typical winter
day are reported for PV/T. An upgrade of the GEHP model, for which details are reported
in [109–111], including the PV/T, is presented. A comparison on a simulative basis for
a typical winter day between the GEHP with and without PV/T matching university
building loads is reported. A sensitivity analysis of the proposed GEHP system by varying
outdoor air temperature, solar radiation and wind speed is introduced.

3.1.8. Sun Yat-Sen University, China (2004–2008)

Sun, in cooperation with other researchers, performed an experimental analysis on
GEHP-based systems in different Chinese Universities [113–116].

In [113], a prototype of a GEHP was tested at the laboratory of a Chinese company. A
comparison in terms of PER between GEHP and three different reference systems based on
an electric-driven chiller for cooling and a heating energy conversion system (coal boiler,
gas boiler, electrical boiler) is analysed. The GEHP prototype system can save more than
35% of the primary energy compared to the conventional separate systems.

In [114], the experimental results of a prototype of a gas engine-driven compression-
absorption heat pump (GECAHP) operating in cooling mode are reported. The gas engine
directly drives an open screw compressor in a vapour compression chiller, and the waste
heat from the gas engine was used to activate the absorption chiller. The results in terms of
cooling output and PER (1.78–1.86) and a comparison between the proposed system and
an electric-driven chiller are reported. The gas engine-based system guaranteed a primary
energy saving up to 25.2%.

In [115], the experimental results of a prototype of a heat pump driven by a gas
industrial engine are analysed: PER (1.9–2.1), heating and cooling outputs as a function of
the engine speed (1350–1800 rpm) are reported.

In [116], experimental results of the GECAHP proposed in [114] are shown. PER and
cooling output of the unit are reported by varying gas engine speed (1350–1900 rpm), outlet
chilled water temperature (5–13 ◦C) and inlet cooling water temperature (24–31 ◦C). The
PER of the unit reached 1.84 at the rated conditions (cooling output 596 kW).

3.1.9. Shanghai Jiaotong University, China (2004–2005)

Zhang et al. [117–120] performed experimental and simulative analysis on a GEHP at
Shanghai Jiaotong University (China).

An air-to-water GEHP is analysed in Reference [117], starting with the gas engine
model proposed in Reference [86]. Experimental results on a gas engine are considered
to calibrate and validate the proposed model. The heat pump components (compres-
sor, condenser, evaporator, expansion valve) are characterised considering mathematical
models available from the scientific literature. A comparison on a simulative basis be-
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tween GEHP and an EHP is considered too. Both the technologies are considered on an
energy and economic basis in heating and cooling operating modes by varying outdoor
air temperature.

In [118], the heating performance of an air-to-water GEHP was experimentally anal-
ysed and also simulated using a steady-state model. The gas engine and compressor models
are established starting with experimental and manufacturer data. The simulation results
in terms of heating power (HP condenser, engine jacket recovery, exhaust gas recovery), PER
and COP are reported by varying engine speed (1000–3500 rpm) and outdoor air temperature
(from −15 to 13 ◦C). The PER of the analysed system was in the range of 1.10–1.37.

In [119], a cascade fuzzy control strategy based on a GEHP is described. In an air-
to-water GEHP system, the return water temperature of the unit is controlled acting on
the opening angle of the engine’s throttle. In case of modification in thermal load, the
return water temperature has to change, also affecting the supply water temperature. The
aim of the control system is to regulate the return water temperature at a fixed value and
to match the end-user demand. The authors performed tests on a GEHP, evaluating the
response when the set temperature moved quickly from 44 to 45 ◦C and the engine speed
increased to 100 rpm after stabilisation by using the proposed model and a cascade PI
(proportional and integral) control strategy. Comparing the two control strategies, the
fuzzy one provided good behaviour (quick response and little overshoot).

Lian et al. [120] analysed a system composed of a GEHP and a water-loop heat
pump in different operating modes by means of energy and economic parameters. The
authors analysed three cases, named “all cooling”, “all heating” and “part cooling and
part heating”, respectively. An economic comparison for an office building is performed
on a conventional air-conditioning system, a water-loop heat pump and a GEHP with a
water-loop heat pump. The GEHP-based system performed better than the others with a
simple pay-back period of less than five years.

3.1.10. University of Maryland, USA (2004)

In [121], Hwang analysed the performances of a GEHP system operating in cooling
mode, based on a gas turbine that activated both a vapour compression chiller and a
H2O/LiBr absorption chiller. The waste heat from the gas turbine activated the absorption
chiller, for which cooling power was used to improve the vapour compression chiller output.
A simulative analysis was proposed to evaluate the performances of the proposed system.

3.1.11. University of Padova, Italy (2006–2011)

Lazzarin and Noro [122] reported the on-site operating costs during three years of
operation (1999–2001) on a GEHP serving a University building in Vicenza (Italy). A
comparison by means of TRNSYS simulation is performed considering the opportunity
to deactivate the GEHP and to serve the building with an electric-driven chiller (cooling
load) and a district heating grid (heating load). The system based on the GEHP led to
better results in terms of operating costs, excluding the option to move towards a district
grid-based system.

In [123], Busato et al. reported the main outcomes on an energy, economic and
environmental basis due to the use of the GEHP for 10 years, as described in [122]. The
analysis was carried out with the aim to evaluate the replacement of the pre-existing GEHP
plant due to extra costs for maintenance. Three options were considered: an expensive
extraordinary maintenance cost for the repair of the pre-existing GEHP, the introduction of
a new GEHP and the use of pre-existing peak boilers and the introduction of an air-cooled
chiller. The results highlighted that from an economic point of view, the best option is to
keep the existing plant running.

3.1.12. Sejong University, Republic of Korea (2006)

In [124], the authors proposed a control algorithm to manage the operation in dynamic
conditions of a GEHP unit. The authors modelled, by means of energy and mass balances,
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the main components of the GEHP unit, such as gas engine and heat pump (compressor,
evaporator, condenser, expansion valve). A PI (Proportional Integral) controller is proposed,
and the dynamic results in terms of refrigerant pressures and temperatures at inlet/outlet
compressor, cooling output and engine speed are reported.

3.1.13. Ege University, Turkey (2007–2015)

Hepbasli et al. reported an analysis performed on a GEHP using the exergy method,
starting from data made available in the literature by other researchers [125] or obtained
with experimental tests [126–130], performed on a unit used for drying purposes at the
laboratory of Ege University, Izmir (Turkey). Finally, in [4], a review of GEHP systems
is reported.

In [125], the author presented an exergy analysis on a GEHP aimed at identifying
potential improvements. On the basis of the data available from [98], the exergy destruction
in each component of the overall system is evaluated. Exergy efficiencies of the system
components are also considered to assess their performance and to highlight potential
improvements.

Gungor et al. [126] analysed the drying process of three medicinal and aromatic plants
by means of a pilot-scale GEHP drier, which was designed, constructed and installed at the
laboratory of Ege University. Drying experiments were performed using a GEHP working
in heating mode and able to guarantee an outlet air temperature of 45 ◦C at the condenser,
with an air velocity of 1 m/s. In this work, the performance of the drier along with its main
components is evaluated by using energy and exergy analysis.

In [127,128], the authors extended the analysis performed in [126], introducing the
exergoeconomic approach. Starting from experimental data, they applied in this study an
exergy, economic, energy and mass analysis method. The analysis was performed on each
component as well as on the main subsystems of the unit. According to the experimental
data, the authors introduced some equations as functions of outdoor air temperature able
to predict the values of utilised power, exergy efficiency and improvement potential rate.

In [129], a GEHP drying system was studied using both a conventional and advanced
exergy approach. Three medicinal and aromatic plants were dried in a GEHP drier. For
each system component, avoidable and unavoidable exergy destructions, modified exergy
efficiency indicators and modified exergy destruction ratios were evaluated.

In [130], an advanced exergoeconomic analysis is applied to a GEHP drying system
used in the food industry to evaluate its performance. The analysis showed that the cost
rate of the unavoidable part of exergy destruction within the system components was lower
than the avoidable one. A comparison between the results obtained by the conventional
and the advanced exergoeconomic analyses is reported, and a section describing the
performance and possible improvements for the overall system is added.

In [4], Hepbasli et al. reported a review of GEHPs used for residential and industrial
applications. An analysis on theoretical and experimental studies covering the period
1989–2007 is reported. To evaluate the performance of a GEHP, energy and exergy analysis
methods are also described.

3.1.14. Southeast University, China (2007–2019)

Cai et al. analysed, both on a theoretical and experimental basis, a hybrid-power
gas engine-driven heat pump at Southeast University (Nanjing, China) [131–142]. The
proposed system integrated a heat pump, a gas engine, a generator/electric motor and an
electricity storage system (EES). Mechanical power available from the gas engine could be
used to activate both the heat pump compressor and a generator used to charge, through
a converter, electric batteries. The generator could also work as an electric motor us-
ing electricity derived from batteries through an inverter and could activate the heat
pump compressor.

Reference [131] introduced the proposed GEHP system, integrating the generator/elec-
tric motor unit and an EES. This system could work in four different ways on the basis of
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the gas engine activation, electric energy storage use and end-user load: (A) GE on, EES
off, HP on, (B) GE on, EES discharge, HP on, (C) GE on, EES charge, HP on and (D) GE
off, EES discharge, HP on. The working mode was chosen, aiming to operate the GEHP
at its maximum efficiency given the end-user load. Experimental data, fixing the engine
speed at 3100 rpm and varying the part load ratio in the range of 0.56–0.93 (to guarantee
an engine mechanical efficiency higher than 30%), are reported. On the basis of these
experimental results, a numerical model including all the components of the proposed
system is developed to evaluate the best operating mode. A comparison between proposed
and conventional GEHP is reported in terms of PER by varying the end-user load.

Reference [132] reported the results of an experimental analysis of the hybrid-power
GEHP unit, evaluating energy performance. According to the compressor speed, there are
four operating modes (see Reference [131]), whose choice depends on the end-user load
and on the minimisation of fuel consumption. The experimental analysis was performed
evaluating the rate of the fuel input, the engine speed, the gas engine power output,
the electric motor power, the torque output and the compressor speed. On the basis of
experimental outcomes, an environmental analysis based on the LCA approach is also
introduced for the hybrid-power GEHP considering its installation in Nanjing (hot summer
and cold winter).

In [133], the authors reported an experimental analysis in heating and cooling modes
of the hybrid-power GEHP system. The GEHP works with a control strategy in which the
gas engine operates to minimise the fuel consumption through the gas engine characteristic
curve. Heating (condenser, heating mode) and cooling (evaporator, cooling mode) power
output, fuel-consumed flow, fuel-consumed rate and mechanical engine efficiency, are
reported as a function of compressor revolution speed (750–2400 rpm). Waste heat thermal
energy (total, from jacket and from exhaust gas) is also experimentally evaluated in heating
and cooling operating modes and reported as a function of compressor speed.

A steady-state model of the hybrid-power GEHP is proposed in [134]. Each component
(gas engine, electric motor, generator, electrical energy storage and compressor) of the
global system is modelled. According to multiple linear regression theory, the gas engine
characteristic curve equation is introduced on the basis of experimental data. By applying
the methods of concentrated parameters and linear regression, the model of the compressor
is obtained based on the test data. Different operating strategies (see Reference [131]) are
introduced, aiming at the energy optimisation of the system in heating mode. The authors
reported a sensitivity analysis by changing the transmission ratio to optimise the matching
between the engine and compressor.

In [135], an upgrade of the steady-state model proposed in [134] is introduced. To
evaluate the accuracy of the proposed model, experimental data collected from the test-rig
and simulation data were compared, showing an acceptable agreement. The experimental
parameters considered for the model validation were outdoor air temperature (6, 10,
15 ◦C), inlet temperature of cooling water (35 ◦C), water flow rate (3.2, 3.6, 4.0 kg/h) and
compressor speed (800–2400 rpm). The maximum differences between simulation and
experimental results were 8.9%, 5.9%, 9.5% and 8.2% separately, for engine torque, motor
torque, thermal energy available from engine and engine mechanical efficiency.

A further upgrade of the steady-state model is reported in [136]. In this paper, the
attention was focused on a comprehensive charging/discharging efficiency model of
the electrical energy storage and an energy management optimisation strategy. Energy
operating parameters of the proposed system, such as engine and electric motor operating
torque, fuel consumption rate and efficiency, are investigated. The models are simulated
by Matlab/Simulink and experimental results are used to validate the steady-state model.

In [137], the best operating strategy involving the contemporary use of electric motor
and gas engine in the hybrid-power GEHP is investigated. The results showed that the
optimum hybridisation degree is 0.412. An experimental analysis is carried out to validate
the simulation data.
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In [138], the hybrid-power GEHP is analysed on both an experimental and simulative
basis. The proposed control strategy aimed to keep the gas engine always running with
high mechanical efficiency on the basis of different operating strategies already described
in [131]. A comparison between experimental and simulation results is reported.

Reference [139] introduced a dynamic control management based on an economic
optimisation of the hybrid-power GEHP working in heating mode. Based on the experi-
mental results, the mathematical model of the proposed system is reported. Two control
strategies are proposed: the “engine economic zone” and the “engine optimal torque”. In
order to compare the economics of the proposed system under the two control strategies,
the sum of the gas engine consumption and the equivalent gas consumption due to battery
use was calculated.

In [140], the “engine optimal torque” control strategy of the hybrid power gas engine-
driven heat pump in heating and cooling mode is considered. Experimental and simulation
results, based on a steady-state model, are compared by varying compressor speed (750–
2400 rpm), operating mode (heating, cooling) and transmission ratio. This paper focused
particular attention on the electricity storage (6.08 kWh, lithium iron phosphate), evaluating
the state of charge and of health as a function of the compressor speed.

In [141,142], a further control strategy for the hybrid-power GEHP system, aiming
at minimizing the energy consumption, is proposed. The control strategy acted on a
continuously variable transmission (CVT) system. The results of the simulation led to a
reduction of the average gas consumed rate of the engine for the proposed control strategy
between 2% and 10%, with respect to the system without a CVT system.

3.1.15. Oak Ridge National Heat Pump Laboratory, USA (2009–2017)

Mahderekal et al. [143–151] analysed GEHP technology on an experimental and simu-
lation basis at the Oak Ridge National Heat Pump Laboratory (ORNL) in Tennessee (USA).

In his PhD thesis [143], the author reported the experimental results obtained on
a GEHP working in heating and cooling mode. A GEHP model was introduced by de-
veloping a software, able to predict steady-state heating and cooling performance of a
variable-speed vapour compression air-to-air heat pump. The GEHP model outputs were
compared to experimental results with respect to the compressor speed, energy perfor-
mance and input/output powers. A comparison between a GEHP and an EHP was
performed for an office application (464 m2) at two USA locations, Las Vegas and Chicago.

In [144], an experimental analysis on a GEHP is reported. The experimental tests were
performed by varying outdoor air temperature, engine speed and the operating mode
(heating, cooling). The tests also included the operating conditions required to obtain
appropriate correlations for a GEHP model available in the EnergyPlus software.

In [145], Sohn et al. reported the results of a field-testing of GEHPs used for space
heating and cooling at six US Department of Defense installations characterised by high
and low ambient temperatures. The energy and economic performance considering one
year (2007–2008) of operation are reported.

The analytical model and experimental analysis of a GEHP including an air handling
unit (AHU) based on a desiccant wheel (DW) in cooling operation mode are reported
in [146]. On the regeneration side of the DW-based AHU, an air-to-coolant heat exchanger
is introduced to warm the air to regenerate the desiccant material of the DW. A parametric
analysis by varying some factors (compressor speed, outdoor air and regeneration temper-
atures) is proposed to evaluate the performance and the useful output of GEHP in heating
and cooling operation modes.

Reference [147] reported an experimental analysis performed at ORNL on a prototype
of GEHP considering different operating modes (heating, cooling), engine speeds (1800,
2400, 3400 rpm) and outdoor air conditions. The prototype, on the basis of the load and the
outdoor air temperature, was able to operate in heating operating mode and in direct or in
indirect heat recovery modes.
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In [148], the challenges considering the parallel use of two different GEHP units used
to meet space heating and cooling loads of a residential and an office building are discussed.

In [149], the residential GEHP described in [147] was tested under different operating
conditions. An experimental analysis is performed considering heating, cooling and
combined heating and cooling operations. In the last operating mode, the waste heat from
the engine during cooling operation could be used for auxiliary water heating, improving
the efficiency of the system by at least 36%.

In [150], the authors evaluated a low-cost approach for implementing a remote moni-
toring system based on Arduino hardware and Matlab/Simulink software for a residential
GEHP. A field-testing of ten prototypes of GEHP units was performed for ten months
(2013–14) in Las Vegas (USA) to assess the effectiveness of the monitoring system.

In [151], the main outcomes from a project aimed to design residential GEHPs in
collaboration with an industrial partner are reported. The research group tested at ORNL,
in heating and cooling operating modes, two different models based on a water-cooled
gas engine with different displacements, 270 and 950 cm3, respectively. The first model
was developed between 2010 and 2012 and experimental tests evaluating performance
and thermal output were conducted by varying operating mode (heating, cooling), engine
speed, outdoor air temperature and engine to compressor transmission ratio. A second
model integrating an electricity generator and an electricity energy storage system was
designed and tested since 2013. Similar to the first unit, an experimental analysis was
performed also considering the capacity of the unit to cover electricity demand both for
GEHP auxiliaries and for an external load (up to 2 kW).

3.1.16. Otto-Von-Guericke University, Germany (2010–2014)

Elgendy et al. performed experimental analysis at Otto-Von-Guericke University in Magde-
burg (Germany) on a GEHP unit considering different operating modes [21,40–42,152–154].

In [41,152], the authors reported the experimental results obtained from a GEHP
operating in cooling mode. They evaluated the performance of the system by varying
the evaporator water inlet temperature (13–24 ◦C), the evaporator water volumetric flow
rate (1.86–2.80 m3/h), the ambient air temperature (19.7–35 ◦C) and the engine speed
(1300–1750 rpm). From the experimental results, the PER, evaluated neglecting electricity
due to auxiliaries, was in the range of 1.35 and 1.65.

In [42], the experimental results of the GEHP, characterised by a direct use of engine
heat recovery, operating in combined heating and cooling mode, are reported. Experi-
mental tests were performed changing the engine speed (1200–1750 rpm), the ambient air
temperature (23.5–34.8 ◦C), the evaporator water volumetric flow rate (1.99–3.60 m3/h)
and the evaporator water inlet temperature (12.2–23.0 ◦C). The PER was in the range of 1.7
and 2.6.

The authors of [153,154] investigated in their laboratory the performance of a GEHP
working in heating mode with direct use of thermal energy recovered from the engine.
The paper presents the experimental performance of a GEHP evaluated in a wide range of
ambient air temperature (10.9–25.3 ◦C), condenser water inlet temperature (33–49 ◦C) and
at two engine speeds (1300–1750 rpm). The PER for an outdoor air temperature of 10.9 ◦C
was in the range of 1.18 and 1.28.

In [40], an experimental analysis performed on a GEHP operating in heating mode
both in direct and in indirect engine heat recovery is reported. Experiments were conducted
over a wide range of engine speeds (1300–2200 rpm), outdoor air temperatures (−3.3–22 ◦C)
and condenser water inlet temperatures (27–48 ◦C). Maximum primary energy ratio has
been estimated with a value of 1.83 with direct engine heat recovery, while it is reduced to
1.25 with indirect valorisation of engine waste heat.

A more detailed analysis of the experimental data shown in [40–42,152–154] is reported
in Reference [21]. The author also introduced polynomial equations, based on experimental
data, to evaluate GEHP primary input and thermal/cooling output as a function of different
parameters (i.e., outdoor temperature air, engine speed, etc.).
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3.1.17. Iran University of Science and Technology, Iran (2010–2013)

Sanaye et al. [155–158] reported the main outcomes from experimental and simulative
analysis performed on a GEHP at Iran University of Science and Technology (Energy
Systems Improvement Laboratory, Teheran, Iran).

In [155], a GEHP model based on the characterisation of its main components (com-
pressor, condenser, expansion valve, evaporator and gas engine) is proposed. The authors
reported a comparison of the model outputs with experimental tests. The results showed
an error for a cooling mode lower than 8% and for a heating mode lower than 9%. The
authors considered a GEHP without engine heat recovery, evaluating the performance at
different cooling (8.7–22.5 kW) and heating (8.95–26.7 kW) loads.

Sanaye et al. [156] extended the use of the GEHP model proposed in [155] for further
units with different heating (18–67 kW) and cooling (14–56 kW) capacities. They compared,
by means of energy and economic parameters, the potentiality of GEHP units over the
EHP ones, in residential and commercial buildings for different climate regions of Iran (dry
temperature, moist temperate, cold, hot and dry).

The authors of [157] proposed a dynamic modelling of a GEHP, already analysed
in [155], operating in cooling mode. In the model, a multi-layer perceptron neural network
was implemented to predict rotational speed of the gas engine during the system start-up,
until achieving the steady-state operating condition. Experimental tests were performed to
validate the proposed model, and the average error of the modelling and the measured
outputs was lower than 10%.

In [158], a model of GEHP working in heating mode is presented and validated
through experimental data. The modelling was performed using typical thermodynamic
equations of the system components with the support of Artificial Neural Network (ANN)
and the multi-objective genetic algorithm optimisation methods. The comparison of mod-
elling outputs with experimental results showed average errors between 2.9% and 6.2%,
which led to an acceptable agreement for gas engine fuel consumption, engine rotational
speed, operating pressure, outlet water temperature and GEHP primary energy ratio.

3.1.18. Gasterra, The Netherlands (2010)

In [159], Bakker et al. reported an overview of different gas-fired heat pumps, focusing
the attention on the application of these technologies in the Netherlands. Furthermore,
the authors analysed the introduction of gas heat pumps in new and existing buildings,
highlighting energy, economic and environmental advantages with respect to electric-
driven heat pumps. The details of some demonstration projects using GEHPs in different
buildings (cinema, sport facility, shopping centre, etc.) are also reported.

3.1.19. Empa, Switzerland (2010)

Brenn et al. [160] reported an energy and environmental simulation comparison
among a GEHP, an EHP, a gas-fired boiler and an electrical heater system used to meet
building heating demands of a building in Zurich (Switzerland). The authors performed
the analysis considering two different outlet hot water temperatures (40 ◦C, 60 ◦C).

3.1.20. Qingdao Agricultural University, China (2010–2011)

A biogas engine-driven heat pump, satisfying space heating and cooling loads, is
evaluated by means of simulation [14]. Primary energy savings with respect to an EHP
reach 25% for a GEHP working in cooling mode, while 37% in heating mode. An upgrade
of this system, characterised by the introduction of an electricity generator, is studied
in [15].

3.1.21. Harbin Institute of Technology, China (2012)

Li et al. [16] reported an exergy analysis of a biogas GEHP developed by starting with
a mathematical model.
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3.1.22. Konkuk University, Republic of Korea (2012)

In [161], the authors presented a comparison between GEHP and EHP considering
primary energy, operating costs and social costs. The social costs included environmental
costs for the impact of greenhouse gas emission. The EHP system is found to be better
than the GEHP-based system from an energy and economic point of view. The result of
the social cost perspective showed that the GEHP system performed better than the EHP
system. A sensitivity analysis by varying COP, natural gas price and electricity rate has
also been reported.

3.1.23. Technical University Eindhoven, Holland (2012)

Hissen [162] analysed four GEHPs serving an office building and a restaurant located
in Son (Netherlands). The aim of the field test was the evaluation of the effectiveness of a
software used for heating and cooling energy consumption predictions and a tool able to
detect the faults of HVAC system at an early stage.

3.1.24. Hiroshima Gas Technology Research Institute, Japan (2012)

In [163], a gas company experimentally analysed an air-to-water heat pump in different
operating modes, varying outdoor air temperature and outlet hot water temperature
(30–75 ◦C). The results obtained are satisfactory, leading to a PER equal to 1.41 for an
outdoor air temperature of 5 ◦C.

3.1.25. Tokyo University of Marine Science and Technology, Japan (2013–2018)

In [164], the authors analysed the field test data available for 196 GEHPs installed
in private and public elementary and junior high schools in Japan (Tokyo, Nagoya and
Osaka). These units were divided into 4 groups according to the manufacturing period.
From the results, it appears that the gas consumption is 30% higher for private schools.
The newest GEHPs show the lowest gas consumption according to the rated data of the
unit. From the field data, it appears that thanks to the improvement of GEHP PER, the gas
consumption of the units decreased by up to 40% in 20 years.

On the basis of a field test performed on a GEHP in an office building in Japan, the
authors in [165] proposed a numerical model based on polynomials. The performance
in terms of PER is reported in heating and cooling mode as a function of outdoor air
temperature. A comparison between the installed GEHP and an old model is also reported,
highlighting the improvement of the PER between 8% and 42%.

3.1.26. Warsaw University of Technology, Poland (2014–2019)

In [166], Rucinski et al. provided an overview of the advantages and disadvantages
of GEHP, with a particular focus on applications of this technology in Poland. The basic
parameters of the systems, principles of operation, operational problems and approximate
costs are mentioned. In [167], a comparison on an energy and economic basis is reported
between a GEHP and an EHP, starting from data available in [143].

3.1.27. Jordan University of Science and Technology, Jordan (2014)

Engine-driven heat pumps equipped with different prime movers (gas turbine, diesel
engine) with or without an absorption system are compared in [168]. The systems operate
in cooling mode and the engine thermal recovery is used to meet end-user energy demand
(i.e., DHW), and partly to activate absorption heat pumps (AHP). The authors reported the
results of a numerical analysis evaluating for each configuration the performance (PER,
COP), thermal and cooling outputs, as a function of condenser (35–50 ◦C) and evaporator
(4.6–14.6 ◦C) temperatures.

3.1.28. Yantai University, China (2015–2016)

In [169,170], a research group of Yantai University (China) reported experimental and
simulative results performed on a GEHP unit.
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In [169], the authors presented a hybrid energy conversion system, which is composed
of a GEHP and an organic Rankine cycle (ORC) system. Thermal energy available from the
gas engine is used to activate the ORC system. Tests on GHEP working in cooling mode
are conducted, while the ORC system analysis is based on a mathematical model. GEHP
experimental tests are conducted, evaluating cooling power, gas power input, PER, COP
and waste heat engine recovery at a fixed outdoor air temperature (30 ◦C) and by varying
engine speed (1200–1800 rpm) and evaporator water inlet temperature (12–24 ◦C). On the
ORC side, a model considering three different working fluids (R245fa, R152a, R123) is
proposed and simulated by means of Matlab simulations. On the basis of evaporative ORC
temperature in the range 60–90 ◦C, and condensing temperature of 25.8 ◦C, the electric
efficiency of ORC system was in the range of 7% and 12% with an electricity power output
lower than 3 kW.

In [170], a GEHP system with evaporative condenser was considered and the cooling
performances were evaluated on an experimental basis over a wide range of outdoor air
temperatures (30–36 ◦C), evaporative condenser air velocities (2.2–3.9 m/s) and gas engine
speeds (1200–2200 rpm). The maximum value of PER was 1.55. Compared to the GEHP
with an air-cooled condenser, the primary energy saving and CO2 emission reduction of
GHEP with evaporative condenser were 16.3% and 8.8%, respectively.

3.1.29. Xi’an Jiaotong University, China (2015–2019)

Zhang et al. experimentally analysed a GEHP at a test facility located at Xi’an Jiaotong
University (China) in heating and cooling modes [171–173].

Zhang et al. [171] reported the results of experimental tests of the GEHP operat-
ing in heating mode. The experimental analysis was performed aiming to evaluate the
performance (COP, PER) and the heating output of the unit by varying engine speed (1400–
2000 rpm), outdoor air temperature (3–11.8 ◦C), condenser water flow rate (7.58–9.47 m3/h)
and condenser water inlet temperature (38–42 ◦C). The experimental PER of the unit was
in the range of 1.3–1.6.

In [172], the experimental results for a GEHP tested in heating and cooling modes
are reported. In combined heating and cooling mode, the engine worked in the range of
1400–2000 rpm, with two outdoor air temperatures (28 ◦C, 32 ◦C) and two inlet chilled
water temperatures (12 ◦C, 16 ◦C). The maximum PER, equal to 1.5, has been reached in
case of heat recovery from the engine. The system has been evaluated in heating mode
by varying the engine speed (1400–2000 rpm), outdoor air temperature (2.7–12.2 ◦C) and
condenser water flow rate (7.5–9.5 m3/h). The best PER reached in heating mode was
about 1.9.

In [173], the authors reported an experimental analysis on a GEHP operating in heating
mode. The authors also proposed a mathematical model including the characterisation
of the main components of the system (engine, compressor, heat exchangers, expansion
valve). The system was tested by varying the gas engine speed from 1400 to 2000 rpm at
two outdoor air temperatures (2 ◦C, 10 ◦C). The PER was in the range of 1.3 and 1.7. The
comparison of simulations and experimental results showed an error lower than 6.7%.

3.1.30. Western Cooling Efficiency Center, USA (2015)

A GEHP installed in an office building is evaluated in [174] with a model developed
by means of Energy Plus software. A comparison between three different systems (GEHP,
EHP and gas-fired boiler) is proposed for different Californian climate areas and the results
for energy and operating costs are reported.

3.1.31. Western University, Canada (2015)

In [7], the results of four different studies on field tests performed in Europe (Nether-
lands) and the USA (10 locations) on GEHP are reported. The applications comprised: office
building, kitchen, cinema and residential building. A comparison between manufacturer
and field test data is reported.
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3.1.32. University of Žilina, Slovak Republic (2015)

A Slovak research group (University of Žilina) performed an experimental analysis
on an air-to-water GEHP evaluating the PER on a daily basis in cooling [175] and heating
modes [176]. In particular, the tests have been carried out aiming to evaluate the influence
on the performance due to outdoor conditions (wind speed, air temperature, relative
humidity, global radiation). An experimental comparison between a GEHP and EHP is
also reported.

3.1.33. Hanyang University, Republic of Korea (2015)

In [177], a Korean research group performed an experimental analysis and a model
validation on an LNG-fuelled GEHP, focusing on the combustion and emission characteris-
tics of the engine. The authors numerically investigated a reduction strategy for NO and
NO2 (NOX) acting on exhaust gas recirculation (EGR) and intake boost systems.

3.1.34. Lappeenranta University of Technology, Finland (2015)

In [178], a comparison among different technologies such as EHP, condensing boiler,
ground-source heat pump, AHP and GEHP is considered for an application in Finland.

3.1.35. University of the Ryukyus, Japan (2015)

A comparison on an economic basis between a GEHP and EHP has been performed
in [179] by means of Matlab The simulation has been performed considering a residen-
tial building.

3.1.36. Tianjin Chengjan University, China (2016–2020)

Liu et al. [180–187] performed an experimental analysis on a GEHP system and also
modelled a compression-absorption GEHP unit at Tianjin Chengjan University (China).

In [180], an experimental analysis of a GEHP used for space heating and hot water
supply is presented by varying engine speed (1400–2600 rpm), outdoor air temperature
(2.4–17.8 ◦C) and condenser water inlet temperature (30–50 ◦C). The authors reported
experimental data on the performance (COP, PER), primary power input and output
(condenser HP, gas engine recovery). The PER of the GEHP was in the range of 1.1 and 1.3.

In [181], an experimental analysis of a prototype of a GEHP working in heating mode
is reported. The energy analysis is carried out by varying condenser water inlet temperature
(30.6–54.5 ◦C), speed engine (1400–1600 rpm) and outdoor air temperature (2–18 ◦C). The
outlet hot water temperature from gas engine heat recovery was in the range of 40–60 ◦C,
while the PER was between 1.23 and 1.48.

The GEHP described in [181] is analysed in [182] considering the combined heating
and cooling operating mode. The system was studied by varying the evaporator water
inlet temperature from 12 to 22 ◦C, outdoor air temperature from 24.2 to 37 ◦C and gas
engine speed from 1400 to 2000 rpm. The primary energy ratio of the GEHP system was
between 1.14 and 1.45, including the contribution of gas engine waste heat recovery.

In [183], a gas engine-driven compression-absorption heat pump (GECAHP) working
in heating mode was proposed and simulated. The vapour compression heat pump (HP)
is driven by the gas engine mechanical power, while the absorption heat pump (AHP) is
activated by the gas engine exhaust gas. Useful thermal power is supplied by a primary
circuit (HP condenser, gas engine jacket recovery) and a secondary circuit (absorber and
condenser of AHP). In the simulative analysis, two different working pairs, NH3-LiNO3
and NH3-NaSCN, for the AHP were considered. The gas engine and the HP were modelled
with polynomials, fitting experimental results [181]. A simplified model was considered for
AHP section. A sensitivity analysis by varying gas engine speed (1500–2500 rpm), water
inlet temperature (30–45 ◦C), outdoor air temperature (−5–20 ◦C) and exhaust gas outlet
temperature of an AHP generator (138–175 ◦C) on the performance of the GECAHP is
simulated. A comparison with a conventional GEHP is also considered and it appeared



Energies 2021, 14, 4845 46 of 73

that the total heating capacity and primary energy ratio were higher for GECAHP by 6%
and 5%, respectively.

In [184], a different configuration of the GECAHP proposed in [183] is considered and
modelled. The heat released by the AHP condenser is transferred to the HP evaporator
to improve the COP of the heat pump, and the waste heat from the gas engine (engine
cylinder jacket, exhaust gas) is used to activate the AHP generator. On the basis of the
model proposed for each GECAHP subsystem, a sensitivity analysis is performed by means
of Matlab software, evaluating power input and output, performance indexes (COP, PER),
varying gas engine speed (1500–2500 rpm), outdoor air temperature (−20–10 ◦C), water
inlet temperature at the HP condenser (30–50 ◦C) and recovery water temperature from
the gas engine (85–95 ◦C). Compared with a conventional GEHP system, the proposed
GECAHP system improves the heating capacity at low air temperature, but the primary
energy ratio is relatively low (1.0–1.1).

In [185], a GEHP is analysed using shower wastewater as a heat source for the HP
evaporator. The system is proposed for producing domestic hot water. A thermodynamic
model was proposed to evaluate GEHP performance and compare it with an EHP. A sensi-
tivity analysis on GEHP and EHP evaluating outlet hot water temperature is performed by
varying tap water temperature, tap water mass flow rate, compressor power input, COP
and PER. The system based on a GEHP performed better than the EHP-based configuration,
for which the primary input was evaluated considering a power grid efficiency of 40%.
Four domestic hot water production technologies, a GEHP recovering shower wastewater,
an EHP recovering shower wastewater, an air-to-water EHP and finally a gas-fired boiler,
were considered to evaluate economic feasibility. The best choice was the one based on the
GEHP exploiting shower wastewater, which guarantees, with respect to the other three
solutions, 44.8%, 58.5% and 61.8% of cost savings, respectively.

In [186], the authors reported the experimental tests performed on a water-to-water
GHEP working in combined heating and cooling mode. The power outputs (evaporator,
engine hat recovery) as well as PER are reported as a function of engine speed (1400
and 1760 rpm) and evaporator inlet chilled temperature (5.9–16.3 ◦C). The PER without
engine heat recovery was in the range of 0.61–0.85, while including the exhaust engine
contribution, PER moved to the range of 2.09–2.34.

In [187], the experimental analysis of a water-to-water GEHP operating in heating
mode and using R134a and low-GWP refrigerant R152a were investigated and compared.
The results were reported as a function of engine speed (1200–1600 rpm), evaporator water
inlet temperature (about 13–20 ◦C) and refrigerant (R134a, R152a). The PER using low GWP
refrigerant R152a appeared up to 10.4% higher in comparison with the GEHP using R134a.

3.1.37. Ulster University, UK (2016)

An experimental study of a diesel engine heat pump working in heating mode is
presented in [188]. Different tests were performed changing condenser water inlet tem-
perature (35, 45, 55, 65 ◦C), evaporator water inlet temperature (0, 5, 10, 15 ◦C) and three
different engine speeds (1600, 2000, 2400 rpm). The results showed that PER varied in the
range of 0.93–1.33.

3.1.38. University of South Florida, USA (2016)

In [189], an evaluation of the field test performance on GEHPs installed in a commercial
building is proposed. The performances of these units were assessed over a period of
10 months and compared to the results reported in the literature. A comparative economic
analysis between GEHP and EHP is also reported. The experimental results in cooling
mode were not satisfactory, and the results in terms of PER appeared lower than those
available in the literature due to many operating hours at low partial load.
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3.1.39. Jimei University, China (2016)

In [9], a landfill gas engine-driven heat pump system was experimentally studied.
Experimental data in terms of biogas flow rate, exhaust gas engine temperature, heat
output (condenser HP, exhaust gas recovery, engine jacket recovery), COP and PER are
reported as a function of engine speed. The maximum COP and PER reached were 4.2 and
1.4, respectively.

3.1.40. Ecole Des Moines de Paris, Centre for Energy efficiency of Systems, France (2016)

In [190], a GEHP is simulated using wastewater from the bathroom and kitchen as
the cold source and meeting domestic hot water and space heating demands of a hotel
located in France. A seasonal PER equal to 2.3 and 2.2 for Trappes and Nice respectively,
is obtained.

3.1.41. The Carbon Trust and Rawlings Support Services, UK (2016)

The study reported in [39] was undertaken by the Carbon Trust for the Department
for Business, Energy and Industrial Strategy (BEIS) to analyse the GEHP technology
potentiality for the UK market. In particular, this study evaluated the potential of this
technology in decarbonising the UK economy. The authors reported the data updated to
2016 for the UK with regards to the GEHP future and actual market, costs, performance,
barriers and drivers for deployment.

3.1.42. Tsinghua University, China (2017)

A comparison between a GEHP, an AHP and a gas-fired boiler is reported in [191]. The
analysis is based on a mathematical model proposed by the authors and validated by means
of experimental data available in [40]. The authors, for the GEHP, derived a sensitivity
analysis reporting the PER and the heating output (condensed HP, engine jacket recovery,
exhaust gas recovery) as a function of outdoor air temperature (−18–20 ◦C). The initial
comparison resulted in better performances of the GEHP while operating in Shanghai
(China) and in improved performances of the AHP while working in Beijing (China).

3.1.43. Ludong University, China (2018)

In Reference [192], an engine speed controller for a GEHP is designed and introduced
for safe operation and capacity adjustment in dynamic working conditions. An engine
speed control model is developed and simulated in Matlab/Simulink environment. The
GEHP performance (PER) as well as primary power inputs and outputs both for gas
engines and heat pumps have been experimentally evaluated in heating mode by varying
engine speed (1300–1900 rpm) and condenser water inlet temperature. The PER obtained
is in the range of 1.12 and 1.32.

3.1.44. Energy 350, USA (2018)

In [193], the Northwest Energy Efficiency Alliance (NEEA), an USA non-profit com-
pany, supported a field test on a GEHP manufactured in the USA. The units have been
installed at the Capital Manor Retirement Community building in Salem (USA) to meet the
space heating and DHW demand of the end-user. The GEHP included a small generator
able to cover auxiliaries’ demand of the unit. The tests were performed in 2017 and showed
an interesting PER equal to 1.34 and a primary energy saving of 39%. On the economic
basis, the investment cost as well as the maintenance cost of the GEHP led to a SPB equal
to 32.2 years. These costs were too high to consider the introduction of this equipment
without any funding support.

3.1.45. Waseda University, Japan (2018)

A system integrating a GEHP and an absorption heat pump is experimentally analysed
in [194]. The unit has been tested in heating and cooling mode, focusing the attention on
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transient start-up behaviour. A simulation model, for which validity has been confirmed
by experimental data, has also been introduced.

3.1.46. University of Cádiz, Spain (2019)

In [44], five air-to-water GEHP units were experimentally analysed in a laboratory
by varying operating mode (heating, cooling, combined heating and cooling), part load
condition, outdoor air temperature and outlet water temperature. On the basis of the
experimental results, the authors proposed a mathematical model (bi-quadratic, cubic and
quadratic polynomials) able to characterise the five analysed models.

3.1.47. Kogakuin University, Japan (2019)

A system combining GEHP and EHP is evaluated on a simulative basis in [75] for an
office building. The proposed system can activate GEHP or EHP according to unitary gas
and electricity prices, having the same refrigerant circuit in common.

3.1.48. University of Salamanca, Spain (2019–2021)

In [11], by means of a simulation on an energy basis, the authors compared ground-
source EHP and GEHP considering different European locations (Ancona, Edinburgh,
Karlstad), meeting space heating load requirements. A further analysis is performed con-
sidering biogas feeding GEHP. The authors extended the analysis including environmental
and economic aspects in [12,13].

3.1.49. Shahid Rajaee Teacher Training University, Iran (2020)

Varmazyar et al. [195] reported an experimental analysis performed at the university
lab of an air-to-water GEHP. The tests were conducted in heating mode, varying air
temperature (0–15 ◦C) and outlet water temperature (40–50 ◦C), and in cooling mode in a
range of air temperature between 25 and 40 ◦C, while the outlet water temperature was in
the range 8.5–14 ◦C.

3.2. Summary of Studies on GEHPs

Intensive R&D activities on GEHP have been performed worldwide based on experi-
mental research, field and laboratory tests, as well as on simulation models.

In Appendix A, two tables (Tables A4 and A5), including information (operating
mode, engine heat recovery in heating mode, end-user, methodology, analysis performed,
heat pump source and references) on the GEHPs analysed in this review are summarised.

Table A4 refers to the GEHPs without the electric generator, while Table A5 includes
the papers treating the unit with an electric generator.

3.2.1. Experimental Activities

Different approaches have been considered to perform experimental analysis by means
of field tests and test rigs.

The field tests on GEHP using an indirect heat recovery system have been conducted
in buildings of different sectors, such as office [88,94,96,145,162], fitness centre [145], mu-
seum [145], dining hall/restaurant [145,162], residential [98,99,150], university [122,123],
commercial [189], swimming pool [85], university laboratory [175,176], elementary and
junior high school [164] and retirement community building [193]. The unit analysed
in [193] is also equipped with an electric generator.

For office buildings, different sizes of GEHP systems have been considered, varying
from small units [59,65] to large units [136,145]. The results obtained on an energy and
economic basis were satisfactory and in line with those declared by the manufacturers.

Additionally, for residential application, the results of the field tests for small-scale
units are satisfactory and in agreement with those declared by the manufacturer (see [98,99]).

In [137], GEHPs installed in different schools in Japan show that the improvement of
GEHP efficiency led to a strong reduction in the gas consumption up to 40%.
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For the university [122,123] application, the results obtained were not satisfactory due
to frequent and unexpected failures of the system, leading to extra costs for maintenance,
and moreover, discomfort conditions for the occupants. The results of the GHEP installed in
a university lab were positive [175,176,196] and in good agreement with manufacturer data.

Particularly interesting is the introduction of a GEHP, fuelled by biogas, serving a
commercial building [189]. The energy performance of the system is very interesting,
evidencing the importance of supporting the diffusion of renewable-based systems.

Papers reporting on field tests are characterised on the basis of end-user and analysis,
as shown in Table 3, considering operating mode specifying heat recovery mode from the
engine, as shown in Table 4, and heat pump source and sink, as shown in Table 5.

Table 3. Field tests on GEHPs: papers focusing on energy and economic analysis.

Application Energy, Reference Economic, Reference

office [88,94,96,145,162] [145]

fitness centre [145] [145]

museum [145] [145]

residential [98,99]

university [122,123] [123]

commercial [189] [189]

swimming pool [85]

university laboratory [175,176]

school [164]

retirement building [193] [193]

dining hall/restaurant [145] [145]

Table 4. Field tests: GEHP operating mode.

Operating Mode Reference

Heating—direct recovery mode [122,123,150,193]

Heating—indirect recovery mode [88,94,96,99,145,162,164,176]

Cooling [94,98,122,123,145,150,162,164,175,189]

Table 5. Field tests: heat pump source and sink.

Heat Pump Source and Sink Reference

Air-to-air [88,94,96,98,99,145,150,164,189]

Air-to-water [85,122,123,162,175,176]

Intense experimental activities have been carried out by many researchers all over
the world through the analysis of GEHP units in laboratories, aiming to evaluate, by
modifying different parameters, the performance, mainly at stationary conditions, though
some studies also focused their attention on transient [85,105,119,137,144,157] conditions.
In other cases, an investigation of GEHP performance reproducing daily heating and
cooling loads has been considered [109–111].

Much attention was also paid to GEHPs equipped with an electric generator, upgrad-
ing the unit as a cogeneration or trigeneration system.

Different authors performed an energy analysis, testing equipment already available
on the market, while others focused on prototype analysis.

The GEHP tested are mainly based on spark-ignition engines fuelled by natural gas or
renewable landfill gas [9], but there is also a case in which there is a diesel engine [188].
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In the majority of the cases, the authors tested GEHP as a black box without evaluating
refrigerant properties and limiting the attention only to engine speed, primary input and
thermal/cooling output.

Analysis of the GEHP system combined with an absorption heat pump [114,116] and
PV/T system [112] are also investigated.

A predominant part of the paper focused on GEHP application for space heating,
space cooling and DHW purposes, while some works analyse the use of this technology
for food-drying processes [126–129].

From the results, there appears to be good agreement between experimental and
manufacturer data.

3.2.2. Modelling

Different approaches to modelling are considered by authors involved in the GEHP
field. In some cases, the performance of the GEHP system or of its components is pre-
dicted by means of available measured data. Statistical mathematical models based on
mathematical functions (regression curves), derived through curves fitting experimental
data, are extrapolated on the basis of operating conditions. Using these functions, it is
possible to estimate the performance at any combination of working conditions, not only at
experimental data points. The system is seen as a black box and there is not any reference
to component modelling.

In other cases, the authors [86,101,109–112] developed mathematical models starting
with a system of equations based on the conservation laws of physics, thermodynamics,
specific correlations and physical characteristics of the GEHP subsystems. Preliminarily
fixing the desired operating conditions and boundary conditions as input, a software
should be used to solve the set of equations, giving as output the predicted performance.

In other cases, simplified models are based on mass, energy and exergy balance
equations [90–93,101,102,109,110,112,125].

Starting with developed models in some works, a simulation analysis on a
daily [101,109–112,174], monthly [103,185], seasonal [86,107,109,120] or annual
basis [109,117,121,160,174] is also performed. Other works report a parametric analysis,
mainly varying outdoor air temperature [86,89,112,118,127,128,143,165] or other parame-
ters (engine speed, compressor speed, storage tank size, etc.) [109,112,131,135,136,138–142].

In the majority of the papers, the authors performed both the experimental analysis
and the modelling of GEHP or a specific subsystem of the unit. A validation of the models
has also been performed in these works.

Some authors focused on the use GEHP subsystems’ mathematical models, with partic-
ular attention to the engine [38,86,89,106,124,135,155–158,192], heat pump [86,89,155,156],
or specific components (compressor, thermostatic valve, heat exchanger, etc.).

In other studies, models based on experimental data by means of polynomials are con-
sidered for single components, such as engine [86,101,102,117,118,134,135,138–143,146,173],
heat pump [185], compressor [134,138,139,141–143,146], the entire GEHP system [103,107,144],
or for evaluating the system performance [134,165].

Simulation analysis has been performed mainly considering stationary conditions, but
some studies considered transient operating conditions of GEHPs [101,103,124,144,157,192].

Analysis of the GEHP system combined with the desiccant-based HVAC system [146],
ORC [169] and ABHP [183] are also investigated.

3.2.3. Studies’ Distribution

From 1957 to 2020, a total of 305 scientific papers on GEHPs have been identified.
Figure 33 shows the distribution in various regions of the World. In Europe, the majority
of GEHP-related papers has been published in Italy (25), followed by Germany (18).
Asia, China and Japan cover more than 38% of world’s scientific literature production
(58 and 36 papers in China and Japan, respectively). As regards North America, in the
USA, 46 scientific papers on GEHPs have been published. The research progress in some
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countries such as Australia, South America or Africa (grey regions) is less than in other
regions. The results of this figure highlight that great attention has been paid to GEHP not
only from researchers of the countries where this technology was firstly developed, but
also in other places of the world, in particular in China.
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Thereby, in the last 5 years (2015–2020), 51 GEHP-related papers have been published,
especially by Chinese research groups.
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4. Conclusions and Future Perspectives

A heat pump driven by an internal combustion engine usually fuelled by natural gas
is a very interesting alternative to the widespread electric systems, due to its high potential
energy saving in commercial and small-scale applications.

From the analysis previously reported, the following conclusions could be derived:

• The GEHP is a consolidated energy system available on the market: up to 2015, about
700,000 units were installed, with 92.8% in Japan.

• The development of small gas engine-driven heat pumps was carried out since 1930 in
the United States, Japan and Europe. The commercialisation of the first unit in Japan
was in 1987.

• Intensive R&D activities on GEHP have been performed worldwide based on experi-
mental research, field and laboratory tests as well as on simulation models.

In the future, GEHPs will be able to play a decisive role in the air conditioning sector
(1.11 million units sold in 2017), characterised by high energy consumption in constant
growth, for the following reasons:

• The GEHPs are very efficient energy conversion systems: They have a high primary
energy ratio, up to 1.7 in heating mode and 1.5 in cooling mode. Furthermore, GEHPs
can also operate as a combined cooling, heating and power system, increasing the
PER up to 2. GEHPs are fuelled by natural gas, that in 2017 covered 22.2% of the
total primary energy supplied in the world (13,971 Mtoe) [196]. Driven by continuous
growth and strong policy support to curve air pollution, China accounts for 37% of
the global increase in natural gas consumption between 2017 and 2023, more than any
other country. Furthermore, China became the highest natural gas importer by 2019,
and with 171 bcm (billions of cubic meters) of imports estimated by 2023 [197]. In
Europe, a substantial number of studies show that the demand of natural gas until
2030 is likely to be stable, and projections of demand for natural gas in 2040 and 2050
vary strongly in different scenarios, but the majority indicate a continuous decline in
consumption [3].

• Energy demand for space heating in the EU is mainly covered by natural gas. This
fuel is expected to maintain a predominant role by 2030 and high energy conversion
efficiency systems, such as gas heat pumps, should become a reference technology
able to contribute to achieving EU28 goals by 2030 and by 2050 in terms of primary
energy savings and CO2 emission reductions.

• On an environmental basis, GEHP is a very interesting option in the EU with re-
spect to EHP-based systems, allowing CO2 emission reduction both in heating and
cooling modes. In particular, a reduction of up to 51% is achieved when GEHP op-
erates in combined heating and cooling mode, while it can reach 24% if it works in
heating mode.

• Electricity will not be able to cover all energy needs in the future, so renewable forms
of gases such as biomethane and hydrogen (“green hydrogen” produced through the
electrolysis of water using renewable electricity) will be an important decarbonisation
strategy. Achieving net-zero GHG emissions in the EU by 2050 will almost certainly
require the development of low-carbon forms of gases to replace much of the natural
gas consumption [3]. Consequently, GEHPs, fuelled by biomethane and by a mix
of methane and hydrogen (5%) produced using the surplus of renewable electricity
(Power-to-Gas, P2G), could strongly contribute to the increase of renewable energy
consumption.

• The low-carbon natural gas grid combined with GEHP diffusion could contribute to
achieving 2030 targets, contributing to a reduction of more than 90 × 106 tons of CO2
per year, considering space heating demand for tertiary and industrial sectors.

• Biomass-fuelled GEHP units interacting with low-temperature district heating net-
works could play a very important role in northern Europe as well as in cold European
mountain areas. In many cases, district heating networks in these areas are served by
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low energy conversion efficiency equipment, such as biomass boilers. Moving towards
a more efficient and sustainable technology, a primary energy saving of higher than
30% could be reached. The introduction of the proposed system could allow to better
exploit local forest and waste agriculture biomasses, also supporting the economy of
the areas surrounding the plant.
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Nomenclature

COP Coefficient of Performance (-)
E Energy (kWh)
EER Energy Efficiency Ratio (-)
GUE Gas Utilisation Efficiency (-)
HSPF Heat Seasonal Performance Factor (-)
IPER Integrated Primary Energy Ratio (-)
PER Primary Energy Ratio (including power grid contribution) (-)
PER’ Primary Energy Ratio (excluding power grid contribution) (-)
rPM

m Ratio between mechanical energy to HP and mechanical energy output from PM (-)
rPM

th Ratio between thermal energy to EU and thermal energy output from PM (-)
rEG

el Ratio between electric energy to EU and electric energy output from EG (-)
RT Refrigerant Tonnes (1 RT = 3.5 kW)
SEER Seasonal Energy Efficiency Ratio (-)
SPB Simple Payback (y)
SPER Seasonal Performance Ratio (-)
Acronyms
A/A Air-to-air
A/W Air-to-water
AHP Absorption Heat Pump
AGA American Gas Association
AHU Air Handling Unit
ANN Artificial Neural Network
ARI American Refrigeration Institute
BEIS Business, Energy and Industrial Strategy
CCHP Combined Cooling Heating and Power
CD Condenser
CHP Combined Heat and Power
CP Compressor
CVT Continuously Variable Transmission
DHW Domestic Hot Water
DOE Department of Energy
DW Desiccant Wheel
EES Electric motor and Electricity Storage
EG Electric Generator
EHP Electric-driven Heat Pump
EU European Union
EV Evaporator
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FY Fiscal Year
G Gasifier
GB Gear Box
GE Gas-fired Engine
GECAHP Gas Engine-driven Compression-Absorption Heat Pump
GEHP Gas Engine-Driven Heat Pump
GHG Greenhouse Gas
GRI Gas Research Institute
HP Heat Pump
HVAC Heating Ventilation and Air Conditioning
LCA Life Cycle Analysis
LNG Liquefied Natural Gas
LPG Liquefied Petroleum Gas
LTDH Low-Temperature District Heating network
MITI Ministry of International Trade and Industry
NAECA National Energy Conservation Act
NEEA Northwest Energy Efficiency Alliance
ORC Organic Rankine Cycle
ORNL Oak Ridge National heat pump Laboratory
PI Proportional Integral
PM Prime Mover
PP Power Plant
PV/T Photovoltaic/Thermal
rpm revolution per minute
Greek Symbols
α (kg CO2/kW hel)
η Efficiency (-)
Subscripts
Bio Biomass
co cooling
el electric
m mechanical
p primary
Syn Syngas
th thermal
tr mechanical transmission
Superscripts and Acronyms
AUX Auxiliaries
CD Condenser
CP Compressor
EG Electric generator
EV Evaporator
GB Gear Box
GEHP Gas Engine-Driven Heat Pump
HP Heat Pump
PM Prime Mover
PP Power Plant
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Table A1. GEHPs available on the market during the past years.

Model
Cooling
Capacity

[KW]

Heating
Capacity

[kW]

Engine
Displacement

[cm3]
Engine rpm Electric Power

Auxiliaries [kW]

Gas
Consumption
Cooling Mode

[Nm3/h]

Gas
Consumption
Heating Mode

[Nm3/h]

Noise
[dB]

PER
Cooling
Mode

PER
Heating
Mode

Weight
[kg]

Outodoor Unit
Dimensions [mm3]

Volume
[m3]

Heating
Capacity/
Cooling
Capacity

YAMAHA 1.3 RT -
YGC4.3 (P,L) 4.65 7.56 245 1100:2000 0.17 0.5 0.44 50 0.73 1.34 148 600 × 380 × 1750 0.399 1.626

SANYO-HONDA 5 6 NA NA NA NA NA NA 0.7 0.85 90 750 × 350 × 950 0.249 1.200

YANMAR 6.7 8.7 NA NA NA NA NA NA 0.7 1 120 800 × 300 × 1030 0.247 1.299

YAMAHA 2.2*RT 7.82 12.2 293 1200:2500 NA 0.72 0.7 56 0.85 1.36 185 800 × 360 × 1720 0.495 1.560

YAMAHA 2.2 RT 7.82 8.16 293 1200:2500 0.26 0.72 0.7 52 0.85 0.91 185 800 × 360 × 1729 0.498 1.043

YAMAHA 2.5 RT 8.7 10.5 293 1200:2500 NA 0.85 0.87 52 0.78 0.85 186 800 × 360 × 1729 0.498 1.207

YORK 3.0 RT 10.5 16.1 272.5 1200:3000 NA NA NA NA 0.9 1.7 NA 1082 × 865 × 914 0.855 1.533

YANMAR 3.0 RT 10.5 15.7 439 1500:2500 NA 1.07 1.25 59 NA NA 260 950 × 460 × 1544 0.675 1.495

AISIN 3.3 RT 11.6 13.4 NA NA NA NA NA NA NA NA NA 850 × 700 × 1850 1.101 1.155

GHP 4.0 RT 13.4 18.5 658 NA NA NA NA 60 0.78 1.18 NA NA NA 1.381

SACHS NA 20 NA 1200:2400 NA NA NA 53 NA 1.51 NA NA NA NA

YANMAR 4.0 RT 13.6 21.7 440 1500:3300 NA 1.34 1.22 60 0.7 0.9 NA 1000 × 500 × 1780 0.890 1.596

YAMAHA 3.9 RT 13.84 17.21 547 900:2500 0.42 1.58 1.55 59 0.762 0.965 304 1050 × 600 × 1290 0.813 1.243

YANMAR 3.7 RT 14.2 21.3 NA NA NA NA NA NA NA NA NA NA NA 1.500

CLIMA VENETA GHP 5 14.4 25 905 1600:2500 NA 1.8 1.8 68 0.83 1.45 500 1250 × 730 × 1890 1.725 1.736

AISIN 5.0 RT 17.4 20.9 547 1200:2800 NA 1.5 1.42 62 0.9 1.1 450 970 × 700 × 1,840 1.249 1.201

AISIN 5.0*RT 17.4 26.1 547 NA NA NA NA 62 0.9 1.8 450 970 × 700 × 1840 1.249 1.500

YAMAHA 5.3 RT 18.50 22.30 547 1000:3000 NA 1.8 1.6 NA NA NA 410 1200 × 700 × 1550 1.302 1.205

AISIN 5.3 RT 18.6 22.3 547 NA NA 1.8 1.6 58 NA NA 425 1180 × 660 × 1750 1.363 1.199

YANMAR 5.0 RT 20.5 26.5 NA 1200:3200 NA NA NA NA NA NA NA NA NA 1.293

YANMAR 5.8 RT 20.5 28.5 658 NA NA 2.15 2.3 60 NA NA 430 890 × 990 × 1299 1.145 1.390

CLIMA VENETA GHP 10 27 45 903 1200:3300 NA 3.5 3.5 68 0.8 1.34 790 1520 × 890 × 1890 2.557 1.667

YANMAR 7.9 RT 27.8 38.4 879 1200:3300 NA 2.91 2.91 63 NA NA 535 1300 × 700 × 2016 1.835 1.381

SANYO 9.9 RT 34.9 39.5 1988 1500:2750 NA 2.92 2.86 63 NA NA 1000 1750 × 1000 × 2170 3.798 1.132

AISIN 13.2 RT 37.2 44.2 1094 1500:2750 NA 3.5 2.84 63 NA NA 950 2280 × 700 × 2034 3.246 1.188

SANYO 11.6 RT 41.3 45.4 1998 NA NA 4.17 3.88 63 NA NA 1050 1750 × 1,000 × 2170 3.798 1.099

GHP 13 RT 43.6 46.5 1395 NA NA NA NA 60 1.05 1.17 NA NA NA 1.067

SANYO 13.2 RT 46.5 51.2 NA NA NA NA NA NA NA NA NA 1850 × 1000 × 2172 4.018 1.101

YAMAHA 13.2 RT 48.8 61.6 1996 700:2000 NA 4.12 4.13 62 NA NA 950 1700 × 1100 × 1880 3.516 1.262

YANMAR 13.2 RT 48.8 59 1429 1200:2500 NA 4.24 4.1 64 NA NA 1000 1760 × 970 × 1990 3.397 1.209

SANYO 14.9 RT 52.3 60.5 1998 800:2200 NA 4.95 4.41 64 NA NA 1100 1750 × 1000 × 2170 3.798 1.157

THERMO K.15 RT 53 70 2670.9 NA NA NA NA NA 0.8 NA 1179 1930 × 3937 × 1270 9.650 1.321

CARRIER 25 RT NA NA 3000 1500:3000 NA NA NA NA NA NA 2132 2324 × 5512 × 1338 17.140 NA

GHPNAFORD VSG 410 70 90 1300 NA NA NA NA NA 1.1 1.6 NA NA NA 1.286
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Table A2. Air-to-air GEHPs (cooling: A35/A27, heating: A7/A20) available on the European market.

Manufacturer
and Model

AISIN
AXGP224E1

8 HP

AISIN
AXGP280E1

10 HP

AISIN
AXGP355E1

13 HP

AISIN
AWGP450F1

16 HP

AISIN
AWSGP560F1

20 HP

AISIN
AWGP710F1

25 HP

AISIN
AWGP850F1

30 HP

YANMAR
Eco Compact

P450

YANMAR
Eco Compact

P560

YANMAR
Eco Compact

P710

YANMAR
Eco Compact

P850

PANASONIC
U-16GE3E5

16 HP

PANASONIC
U-20GE3E5

20 HP

PANASONICU-
25GE3E5 25

HP

PANASONIC
U-30GE3E5

30 HP

Cooling capacity
[kW] 22.4 28 35.5 45 56 71 85 45 56 71 85 45 56 71 85

Heating capacity
[kW] 25 31.5 40 50 63 80 95 50 63 80 95 50 63 80 95

Fuel Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG Natural gas Natural gas Natural gas Natural gas Natural gas,

LPG
Natural gas,

LPG
Natural gas,

LPG
Natural gas,

LPG

Primary power
input—Cooling

mode [kW]
15 19.2 26.4 31.4 38.9 54.4 71.2 30.9 40.9 51 60.9 29.7 39.1 60.4 67.9

Primary power
input—Heating

mode [kW]
15.9 20.3 27 29.8 38.1 53.9 68 29.3 38.8 50.6 59.7 32.5 42.5 53.2 68.1

Electric power
input—Cooling

mode [kW]
0.42 0.58 0.74 0.64 0.91 1.19 1.49 0.87 0.99 1.45 1.66 0.71 1.02 1.33 1.7

Electric power
input—Heating

mode [kW]
0.34 0.44 0.57 0.5 0.62 0.74 1.12 0.77 0.92 1.36 1.51 0.6 0.64 0.83 1.45

PER cooling
mode [-] 1.49 1.46 1.34 1.43 1.44 1.31 1.19 1.46 1.37 1.39 1.40 1.52 1.43 1.18 1.25

PER heating
mode [-] 1.57 1.55 1.48 1.68 1.65 1.48 1.40 1.71 1.62 1.58 1.59 1.54 1.48 1.50 1.40

Engine
displacement

[cm3]
952 952 952 1,998 1,998 1,998 2,237 NA NA NA NA NA NA NA NA

Compressor 1 Scroll
compressor

1 Scroll
compressor

1 Scroll
compressor

2 Scroll
compressors

2 Scroll
compressors

2 Scroll
compressors

3 Scroll
compressors NA NA NA NA NA NA NA NA

Refrigerant R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A

Refrigerant [kg] 11 11 11 11.5 11.5 11.5 11.5 11.8 11.8 11.8 11.8 10.5 11.5 11.5 11.5

Noise [dB(A)] @
1m 54 56 59 58 59 62 65 57 58 61 62 57 58 62 63

Outodoor unit
dimensions

[mm]
2077 × 1400
× 880

2077 × 1400
× 880

2077 × 1400
× 880

2245 × 1660
× 880

2245 × 1660
× 880

2245 × 1660
× 880

2245 × 1660
× 880

2170 × 800 ×
1690

2171 × 800 ×
1690

2172 × 800 ×
2100

2173 × 800 ×
2100

2273 × 1650
× 1000

2274 × 1650
× 1000

2275 × 1650
× 1000

2276 × 2026
× 1000

Volume [m3] 2.56 2.56 2.56 3.28 3.28 3.28 3.28 2.93 2.93 3.65 3.65 3.75 3.75 3.75 4.61

Weight [kg] 565 565 565 765 765 795 870 880 890 1,080 1,080 755 780 810 840

Engine thermal
recovery (with

DHW kit) -
cooling mode

[kW]

8 10 13.5 15.7 19.5 27.2 35.6 16 20 25 30 15 20 30 30

Scheduled
maintenance
interval [h]

10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000

Scheduled
engine oil

replacement [h]
30,000 30,000 30,000 30,000 30,000 30,000 30,000 20,000 20,000 20,000 20,000 NA NA NA NA
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Table A3. Air-to-water GEHPs (cooling: A35/W7, heating: A7/W45) available on the European market.

Model
AISIN

AXGP224E1
AWS8HP-F1(J)

AISIN
AXGP280E1 10

HP
AWS10HP-F1(J)

AISIN
AXGP280E1

AWS13HP-F1(J)

AISIN
AWGP450F1

AWS16HP-F1(J)

AISIN
AWSGP560F1

AWS20HP-F1(J)

AISIN
AWGP710F1

AWS25HP-F1(J)

AISIN
AWGP850F1

AWS30HP-F1(J)
Yanmar

ENCP450J
Yanmar

ENCP560J
Yanmar

ENCP710J
Yanmar

ENCP850J

Cooling Capacity [kW] 21.0 26.5 33.5 43.5 53.0 63.5 74.5 42.0 52.0 65.0 78.0

Heating Capacity [kW] 23.5 30.0 37.5 50.0 62.5 77.0 87.5 48.0 58.0 76.0 90.0

Fuel Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Natural gas,
LPG

Primary power input -
Cooling mode [kW] 15.3 20.0 27.7 30.0 43.0 56.0 70.7 30.9 40.9 51.0 60.9

Primary power input -
Heating mode [kW] 15.5 20.2 27.0 34.0 42.5 54.2 61.5 29.3 38.8 50.6 59.7

Engine heat recovery in
cooling mode [kW] 8.0 10.0 13.5 19.5 23.5 30.5 44.5 NA NA 30.0 NA

PER cooling [-] 1.37 1.33 1.21 1.45 1.23 1.13 1.05 1.36 1.27 1.27 1.28

PER heating [-] 1.52 1.49 1.39 1.47 1.47 1.42 1.42 1.64 1.49 1.50 1.51

PER heating and
cooling [-] 1.90 1.83 1.70 2.10 1.78 1.68 1.68 NA NA 1.86 NA

Compressor 1 scroll
compressor

1 scroll
compressor

1 scroll
compressor

2 scroll
compressors

2 scroll
compressors

2 scroll
compressors

3 scroll
compressors NA NA NA NA

Refrigerant R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A R 410 A NA NA NA NA

Refrigerant charge [kg] 11.0 11.0 11.0 11.5 11.5 11.5 11.5 NA NA NA NA

Noise [dB(A)] 54 56 59 58 59 62 65 NA NA NA NA

Dimensions GEHP
outdoor unit [mm]

2077 × 1400 ×
880

2077 × 1400 ×
880

2077 × 1400 ×
880

2245 × 1660 ×
880

2245 × 1660 ×
880

2245 × 1660 ×
880

2245 × 1660 ×
880

2170 × 800 ×
1690

2170 × 800 ×
1690

2170 × 800 ×
2100

2170 × 800 ×
2100

Dimensions hydronik kit
(HK) [mm]

915 × 710 ×
1020

915 × 710 ×
1020

915 × 710 ×
1020

915 × 710 ×
1020

915 × 710 ×
1020

915 × 710 ×
1020

915 × 710 ×
1020

1,100 × 1020
× 675

1100 × 1020 ×
675

1100 × 1020 ×
675

1100 × 1020 ×
675

Volume [m3] 3.22 3.22 3.22 3.94 3.94 3.94 3.94 3.69 3.69 4.40 4.40

Weight (GEHP+HK) [kg] 729 729 729 929 929 959 1034 1090 1100 1290 1290

Scheduled maintenance
interval [h] 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000 10,000

Scheduled engine oil
replacement [h] 30,000 30,000 30,000 30,000 30,000 30,000 30,000 20,000 20,000 20,000 20,000
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Table A4. Summary table for GEHPs without generator analysed in the literature.

Operating Mode Engine Heat Recovery
in Heating Mode End-User Methodology Analysis Performed Heat Pump

Source Reference

heating direct laboratory experimental Energy analysis air-to-water [9]

heating and cooling direct dairy farm experimental Energy analysis water-to-water [10]

heating indirect residential and
non-residential buildings simulation Energy analysis ground source [11]

heating indirect residential and
non-residential buildings simulation Energy, environmental

and economic analysis ground source [12]

heating indirect residential and
non-residential buildings simulation Energy, environmental

and economic analysis ground source [12]

heating, cooling direct building simulation Energy analysis air-to-air [14]

heating direct simulation Exergy analysis air-to-water [16]

heating, cooling, combined
heating and cooling direct, indirect laboratory experimental Energy analysis air-to-water [21]

heating direct laboratory experimental Energy analysis air-to-water [40]

cooling not considered laboratory experimental Energy analysis air-to-water [41]

combined heating and cooling direct laboratory experimental Energy analysis air-to-water [42]

heating, cooling, combined
heating and cooling direct, indirect laboratory experimental, GEHP model

(polynomials) Energy analysis air-to-water [43]

heating direct laboratory experimental Energy analysis air-to-water [77]

heating, cooling direct laboratory experimental Energy analysis air-to-air [84]

heating direct swimming pool experimental, field test, GEHP
model (polynomials) Energy analysis air-to-water [85]

heating direct mathematical model, simulation Energy and economic
analysis air-to-air [86]

heating indirect office field test Energy analysis air-to-air [88]

heating direct
mathematical model (from

literature), thermodynamic model,
parametric

Energy and exergy
analysis [89]
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Table A4. Cont.

Operating Mode Engine Heat Recovery
in Heating Mode End-User Methodology Analysis Performed Heat Pump

Source Reference

heating direct thermodynamic model, parametric
(Carnot factor)

Energy and exergy
analysis [90]

heating direct thermodynamic model, parametric
(Carnot factor)

Energy and exergy
analysis [91]

heating direct thermodynamic model, parametric
(Carnot factor)

Energy and exergy
analysis [92]

heating direct thermodynamic model, parametric
(Carnot factor)

Energy and exergy
analysis [93]

heating, cooling indirect office field test Energy analysis air-to-air [94]

heating indirect metrological analysis Energy analysis air-to-air [95]

heating indirect office field test Energy analysis air-to-air [96]

cooling indirect residential building field test Energy analysis air-to-air [98]

heating indirect residential building field test Energy analysis air-to-air [99]

heating direct mathematical model, engine model
(polynomial), simulation engine control strategy air-to-water [101]

heating, cooling, combined
heating and cooling direct office numerical model Energy analysis air-to-air [102]

heating, cooling, combined
heating and cooling direct laboratory, simulation

(hotel, Bejing city)

experimental, GEHP model
(experimental based curves),

simulation
Energy analysis water-to-water [103]

heating direct mathematical model (engine
control) engine control strategy air-to-water [104]

heating direct laboratory experimental engine speed response air-to-water [105]

heating direct laboratory experimental, numerical model Energy analysis air-to-water [106]

combined heating (condenser
+ waste engine) and cooling direct laboratory experimental, GEHP model

(polynomials), simulation

Energy analysis (novel
seasonal performance

index: IPER)
water-to-water [107]

combined heating and cooling direct laboratory experimental Energy analysis air-to-water [113]
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cooling direct laboratory experimental Energy analysis air-to-water [114]

combined heating and cooling direct laboratory experimental Energy analysis water-to-water [115]

cooling direct laboratory experimental Energy and economic
analysis air-to-water [116]

heating, cooling indirect laboratory
experimental (gas engine), engine

model (polynomials) and
components model, simulation

Energy and economic
analysis air-to-water [117]

heating direct laboratory
experimental, engine model

(polynomials) and components
model

Energy analysis air-to-water [118]

heating direct laboratory experimental, control strategy
model Time response air-to-water [119]

heating, cooling, combined
heating and cooling direct, indirect office building simulation Energy and economic

analysis water-to-air [120]

heating, cooling, indirect (ABHP
generator) simulation Energy and economic

analysis air-to-air [121]

heating, cooling direct University building field test (University building),
simulation Economic analysis air-to-water [122]

heating, cooling direct University building field test (University building),
simulation

Energy and economic
analysis air-to-water [123]

cooling not considered simulation Energy analysis air-to-air [124]

heating, cooling direct University building numerical Energy and exergy
analysis air-to-water [125]

heating indirect
drying process for

medicinal and aromatic
plants

experimental, numerical model Energy and exergy
analysis air-to-air [126]

heating indirect
drying process for

medicinal and aromatic
plants

experimental, numerical model Energy and exergy
analysis air-to-air [127]

heating indirect
drying process for

medicinal and aromatic
plants

experimental, numerical analysis,
parametric analysis

Energy and exergy
analysis air-to-air [128]
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heating indirect
drying process for

medicinal and aromatic
plants

experimental, numerical model Exergy analysis air-to-air [129]

heating indirect
drying process for

medicinal and aromatic
plants

experimental Exergoeconomic analysis air-to-air [130]

heating, cooling indirect laboratory, office
building experimental, numerical model Energy, environmental

and economic analysis air-to-air [143]

heating, cooling indirect laboratory experimental, GEHP model
(polynomials) Energy analysis air-to-air [144]

heating, cooling indirect
office building, fitness

centre, museum, dining
hall

field test Energy and economic
analysis air-to-air [145]

heating, cooling indirect
engine model (polynomials),

compressor model (polynomials),
simulation

Energy analysis air-to-air [146]

heating, cooling direct, indirect laboratory experimental, numerical model Energy analysis air-to-air [147]

heating, cooling indirect office building,
residential building

Challenges and
opportunities of GEHP air-to-air [148]

heating, cooling, combined
heating and cooling direct, indirect laboratory experimental Energy analysis air-to-air [149]

heating, cooling direct residential field test Remote monitoring
system air-to-air [150]

heating, cooling, combined
heating and cooling direct laboratory experimental Energy analysis air-to-air [151]

cooling not considered laboratory experimental Energy analysis air-to-water [152]

heating direct laboratory experimental Energy analysis air-to-water [153]

heating direct laboratory experimental Energy analysis air-to-water [154]

heating, cooling no clear data
laboratory, model
validation with

experimental data

experimental, mathematical model
(engine, heat pump components) Energy analysis air-to-air [155]
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heating, cooling indirect residential and office mathematical model (engine, heat
pump), simulation

Energy and economic
analysis air-to-air [156]

cooling not considered
laboratory, model
validation with

experimental data

experimental, mathematical model
(engine, heat pump components),
simulation (transient, steady-state

model)

Energy analysis air-to-air [157]

heating indirect
laboratory, model
validation with

experimental data

experimental, mathematical model
(engine, heat pump components),

simulation
Energy analysis air-to-water [158]

heating indirect building simulation Energy and
environmental analysis

air-to-water,
ground-to-water [160]

heating, cooling numerical analysis Energy and economic
analysis [161]

heating, cooling indirect office building,
restaurant

field test, software energy load
prediction Energy analysis air-to-water [162]

heating, cooling indirect laboratory experimental test Energy analysis air-to-water [163]

heating, cooling indirect elementary and junior
high school field test, simulation Energy analysis air-to-air [164]

heating, cooling indirect office building experimental, GEHP models
(polynomials) Energy analysis air-to-water [165]

combined heating and cooling direct numerical analysis Energy and economic
analysis [168]

cooling direct laboratory experimental (GEHP), simulation Energy analysis air-to-water [169]

combined heating and cooling direct laboratory experimental Energy and
environmental analysis air-to-water [170]

heating indirect laboratory experimental Energy analysis air-to-water [171]

heating, cooling, combined
heating and cooling indirect laboratory experimental Energy analysis air-to-water [172]

heating indirect
laboratory, model
validation with

experimental data

experimental, engine model
(polynomials), simulation Energy analysis air-to-water [173]
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heating, cooling office building simulation Energy and economic
analysis air-to-air [174]

cooling indirect University laboratory field test Energy analysis air-to-water [175]

heating indirect University laboratory field test Energy analysis air-to-water [176]

heating, cooling indirect residential simulation Economic analysis air-to-air [179]

heating direct, indirect laboratory experimental Energy analysis air-to-water [180]

heating direct laboratory experimental Energy analysis air-to-water [181]

combined heating and cooling direct laboratory experimental Energy analysis air-to-water [182]

heating direct engine model (polynomial),
parametric Energy analysis air-to-water [183]

heating direct parametric Energy analysis air-to-water [184]

direct heat pump model (polynomial),
parametric, simulation Energy and analysis water-to-water [185]

combined heating and cooling direct laboratory experimental Energy analysis water-to-water [186]

heating direct laboratory experimental Energy analysis water-to-water [187]

heating direct laboratory experimental Energy analysis water-to-water [188]

heating, cooling not considered commercial building field test Energy and economic
analysis air-to-air [189]

heating direct hotel simulation Energy analysis water-to-water [190]

heating direct building simulation Energy and economic
analysis air-to-water [191]

cooling direct mathematical model (engine),
simulation (transient)

Energy and economic
analysis air-to-air [192]

heating, cooling direct laboratory Experimental, simulation (transient) Energy analysis air-to-water [194]

heating, cooling indirect office simulation Energy analysis air-to-air [75]

heating, cooling indirect laboratory experimental Energy analysis air-to-water [195]
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Table A5. Summary table for GEHPs with generator analysed in the literature.

Operating Mode Engine Heat Recovery
in Heating Mode End-User Methodology Analysis Performed Heat Pump

Source Reference

heating, cooling direct building simulation Energy analysis air-to-air [15]

heating direct laboratory experimental, mathematical model,
simulation, model validation Energy analysis air-to-water [38]

combined heating and cooling direct laboratory experimental Energy analysis air-to-water [108]

heating, cooling, combined
heating and cooling direct office experimental, mathematical model,

simulation, model validation Energy analysis air-to-water [109]

combined heating and cooling direct office experimental, mathematical model Energy analysis air-to-water [110]

heating, cooling, combined
heating and cooling direct residential, office,

university, hotel building
experimental, mathematical model,

simulation (daily) Energy analysis air-to-water [111]

heating direct laboratory, university
building

experimental, mathematical model,
simulation (daily, parametric) Energy analysis water-to-water [112]

heating direct laboratory
experimental (engine),

mathematical model, simulation
(parametric)

Energy analysis air-to-air [131]

heating, cooling (LCA
analysis) direct laboratory experimental (gas engine, electric

motor), simulation (LCA)

Energy analysis
(experimental),

environmental analysis
(LCA)

air-to-water [132]

heating, cooling, combined
heating and cooling direct laboratory experimental Energy analysis air-to-water [133]

heating direct laboratory
experimental, mathematical model

(polynomials), simulation
(parametric)

Energy analysis no data [134]

heating direct laboratory
experimental, mathematical model
(polynomials), simulation, model

validation
Energy analysis air-to-water [135]

not applicable direct laboratory experimental (engine only),
simulation (steady state model) Energy analysis air-to-water [136]

not applicable direct laboratory experimental, simulation Energy analysis air-to-water [137]
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Table A5. Cont.

Operating Mode Engine Heat Recovery
in Heating Mode End-User Methodology Analysis Performed Heat Pump

Source Reference

heating direct laboratory experimental, mathematical model
(polynomials), simulation Energy analysis [138]

heating direct laboratory experimental, mathematical model
(polynomials) economic optimisation air-to-water [139]

heating, cooling, combined
heating and cooling direct laboratory experimental, mathematical model

(polynomials)
Energy and economic

analysis air-to-water [140]

heating direct laboratory experimental, mathematical model
(polynomials) Energy analysis air-to-water [141]

heating direct laboratory experimental, mathematical model
(polynomials) Energy analysis air-to-water [142]

heating direct retirement community
building field test Energy and economic

analysis air-to-water [193]
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