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Air to water electric heat pumps are one technological solution to achieve energy defossilisation goals for heating 
of residential building stock. Nevertheless, they may not necessarily be the only solution for all residential 
building stock. A case in point is where extensive fabric refurbishment is impracticable or where electric heat 
pumps are installed where low ambient temperatures prevail and/or high water delivery temperatures must 
be utilised. For such instances, hybrid (gas and electric) heat pumps offer an alternative option by facilitating 
fuel source switching between electricity and gas, when ambient temperatures are low or high water supply 
temperatures are required. In the current study, the effectiveness of an air-to-water electric heat pump and 
hybrid heat pump are examined for different building retrofit scenarios for a residential dwelling located in 
Ireland. This is achieved by means of a sensitivity study of a validated building simulation model, incorporating 
both heat pump systems, subject to different building retrofit scenarios. Relative to a conventional oil-fired boiler, 
for a deep building retrofit scenario, the hybrid and electric heat pumps achieve primary energy reduction of 128 
kWh/𝑚2/year (72%) and of 123 kWh/𝑚2/year (70%), respectively. Considering the associated carbon footprints, 
the reductions were found to be 29.7 g𝐶𝑂2𝑒/𝑚

2/year (74%) for the hybrid heat pump, and 27.6 g𝐶𝑂2𝑒/𝑚
2/year 

(68%) for the electric heat pump. Finally, the deployment of either an electric heat pump or hybrid heat pump 
for deep building fabric retrofit achieves approximately half of the heating system capital cost return within 20 
years.
1. Introduction

Improving the energy performance of the building sector has been 
well established as a key energy policy goal of the European Union (EU), 
given that the EU has committed to developing a sustainable, secure and 
carbon-free overall energy scenario by 2050. To make that objective a 
reality, energy stakeholders throughout all member states require mea-
sures to achieve such energy efficiency and carbon emissions targets. 
Given the building sector accounts for about 40% of primary energy 
consumption and 36% of associated greenhouse gas emissions in Eu-
rope, it plays a paramount role towards achieving a carbon-neutral and 
competitive economy [1].

Currently, about 35% of EU buildings are over 50 years old, 75% of 
which do not meet the national energy performance targets according 
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to the EU Directive 2018/844 on the energy performance of buildings 
[2]. Despite the stated goals of the EU Commission, the rate of building 
stock renovation continues to advance at a slow pace, between 0.4-1.2% 
of existing stock per year, depending on the EU country [3]. Therefore, 
a critical element to achieving 2050 energy goals is the development 
of long-term energy retrofit strategies providing a solid support for 
renovating residential and non-residential building stocks, thereby help-
ing advance the decarbonisation of the building sector by 2050 [4]. 
Retrofitting of existing buildings can lead to energy savings, with the 
potential to decrease the EU total energy consumption by 5-6% and 
minimise 𝐶𝑂2 emissions by about 5% [5]. However, it is essential to 
ensure that energy efficiency measures target not only the building en-
velope, but also encompass all related elements and technical systems 
in a building for the provision of heating and/or cooling.
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Nomenclature

Acronyms

𝐴𝑆𝐻𝑅𝐴𝐸 American Society for Heating Refrigeration and Air Con-
ditioning Engineers

𝐴𝑊𝐻𝑃 Air-to-Water Heat Pump
𝐶𝐺𝐵 Condensing Gas Boiler
𝐶𝐼𝐵𝑆𝐸 Chartered Institution of Building Services Engineers
𝐷𝐻𝑊 Domestic Hot Water
𝐸𝐻𝑃 Electric Heat Pump
𝐸𝑈 European Union
𝐺𝐵 Gas Boiler
𝐻𝐻𝑃 Hybrid Heat Pump
𝐻𝑃 Heat Pump
𝑂𝐵 Oil Boiler
𝑅𝐴𝐷 Radiator
𝑅𝑂𝐼 Return of Investment
𝑆𝐶𝑁 Scenario
𝑆𝐸𝐴𝐼 Sustainable Energy Authority of Ireland
𝑆𝐹𝐼 Science Foundation Ireland

Abbreviations

𝐴𝐿𝑈 −𝑅 Aluminium Radiator
𝐸𝑙𝑒𝑐 Electricity
𝑖𝑛𝑖𝑡 Initial Investment
𝑁𝑎𝑡𝐺𝑎𝑠 Natural Gas

Subscripts

𝐸𝑙𝑒𝑐 Electricity production
𝐸𝑃 Energy production
𝐻𝐻𝑃 Hybrid heat pump
𝐻𝑃 Heat pump
ℎ𝑠 Heating system
𝑖 Time step, Fuel type. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑚𝑜𝑑𝑒− 𝑠𝑤𝑖𝑡𝑐ℎ Hybrid heat pump mode switch
𝑜𝑢𝑡𝑑𝑜𝑜𝑟 Ambient/Outdoor
𝑝𝑟 Per unit
𝑤𝑎𝑡𝑒𝑟𝑓𝑙𝑜𝑤 Heat pump water flow

Greek Letters

𝜖 Carbon Intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . tonnes
𝜂 Efficiency

Other Symbols

𝑦̄ Mean Value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑔 gram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . g
𝑚 Number of Fuels Used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑁 Total Number of Data Points . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑝 Number of Predictor Variables . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑟 Discount Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
𝑥 Simulated Value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑦 Experimental or Measured Value . . . . . . . . . . . . . . . . . . . . . . . -

Symbols

𝐴𝐶𝑆 Annual Cost Saving. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
𝐶𝐹 Cash Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
𝐶𝑂𝑃 Coefficient of Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝐶𝑉 𝑅𝑀𝑆𝐸 Coefficient of Variation of Root Mean Square Error . . -
𝐸 Energy Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝑒 Energy Saved. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝐸𝐸 Electricity Delivered for Final or End-User 

Consumption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝐸𝐹 Emissions Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝐸𝑃 Energy Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝐹 Price . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e/kWh
𝑀𝐴𝑃𝐸 Mean Absolute Percentage Error . . . . . . . . . . . . . . . . . . . . . . %
𝑁𝐶𝐹 Net Cash Flow. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
𝑁𝑃𝑉 Net Present Value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
𝑃𝐸 Primary Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝑃𝐸𝐹 Primary Energy Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑃𝐸𝑆 Primary Energy Saving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
𝑄 Thermal Energy Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . kWh
𝑅𝐶 Operating Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
𝑅𝑀𝑆𝐸 Root Mean Square Error
𝑆𝑃𝐹 Seasonal Performance Factor . . . . . . . . . . . . . . . . . . . . . . . . . . . -
𝑇 Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦C
𝑇𝐶𝐶 Tolerable Capital Cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . e
Deep retrofitting of buildings requires significant investment costs 
for building owners or stakeholders, hence, the transformation of exist-
ing energy-inefficient buildings into nearly zero-energy buildings needs 
to be facilitated in a cost-effective manner. A key enabling factor in 
meeting energy retrofit targets is the availability of financial incentive 
support schemes. For this, EU member countries have established poli-
cies and measures to stimulate cost-effective deep retrofit of buildings, 
thereby supporting energy efficiency improvements in the residential 
and commercial sectors. These include; grants, low-interest loans and 
other financial incentives [6].

Consequently, there has been an increasing amount of literature on 
building retrofit solutions aimed at reducing the energy consumption of 
buildings [7], including building fabric thermal retrofitting [8], build-
ing integrated passive systems [9], and technical system upgrades, such 
as heat pumps [10] and combined heat and power systems [11]. How-
ever, the latest research insights show an increasing necessity towards 
optimising technical system performance in combination with fabric up-
grades [12]. Moreover, the integration of renewable energy resources 
with the power grid, which if coupled with electrification of building 
space heating, is one of the possible routes that many countries are con-
sidering in the pursuit of decarbonisation [13].

In this context, heat pumps can play an important role in the electri-
2

fication of heat in the context of the 2050 targets. Vorushylo et al. [14], 
for a study carried out in Ireland, determined that heat pumps bring the 
most significant environmental benefits to energy markets, which have 
a significant renewable energy contribution such as wind. Another com-
prehensive study in Germany, carried out by Palzer and Henning [15], 
found that heat pumps can play a major role in the decarbonisation 
of the heating sector. Similarly, Fischer and Madani [16] concluded 
that heat pumps should be considered as a potential key technology to 
provide flexibility to the power system, while providing heating and 
cooling retrofit solutions. The study shows that heat pumps can be used 
to ease the transition towards a renewable interconnected energy sys-
tem.

Nevertheless, there are also challenges associated with the electrifi-
cation of heat, the foremost being the shift of residential space heating 
from conventional fossil fuel based technologies, such as gas or oil to 
electricity, which in certain scenarios can require an enhanced and ex-
panded electricity infrastructure with consequent high investment costs. 
With many residential retrofits set to take place over the immediate 
coming decades [17], it would seem that no one solution can be op-
timally deployed for every instance and instead accurate preliminary 
techno-economic assessment of different retrofitting scenarios needs to 
be carried out.

One potential retrofit technology option for the residential heat-

ing sector is hybrid heat pumps (HHP). HHPs combine an electrically 
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driven heat pump, usually as an air to water system [18], and a gas 
condensing boiler within a single system or unit. These systems can of-
fer an alternative retrofitting solution in older dwellings, where high 
temperature heat emitters have been typically utilised in this residen-
tial building stock category. Under appropriate operating conditions, 
HHPs have been observed to achieve higher seasonal performance com-
pared to Electric-only Heat Pumps (EHPs), arising from the possibility 
to operate in gas boiler (GB) mode for certain conditions when EHP 
performance is less favourable [19]. For instance, during the coldest 
weather periods, when greater heating loads occur together with asso-
ciated poorer EHP performance, HHPs offer the possibility to switch to 
GB mode, which may be more favourable in such conditions. Typically, 
HHP systems operate in EHP mode when external ambient air tempera-
tures exceed 3 −5𝑜𝐶 and in GB mode otherwise. The use of the GB mode 
may also offer certain advantages over EHP mode when domestic hot 
water (DHW) is required, often at temperatures exceeding 50𝑜𝐶 [20].

Moreover, given that a hybrid heat pump incorporates a gas boiler 
which can be deployed to cover peaks in thermal demand, allows for a 
lower rating of the EHP, resulting in smaller EHP equipment and asso-
ciated power demand [21]. A study carried out by Dongellini et al. [22]
found that the over-sizing of heat pumps is a critical design issue that 
heavily influences the energy performance (and economic suitability) 
of heat pump systems, affecting both seasonal and annual energy per-
formance. Park et al. [23] performed an economic analysis of a hybrid 
heat pump system, which was compared with conventional gas-fired 
water heaters for residential houses in Korea. It was found that about 
4% of annual energy costs could be saved from the operation of the hy-
brid system. Benefits from carbon emission reductions resulting from 
a widespread adoption of hybrid solutions were analysed by Heinen 
et al. [24], who concluded that hybrid heating systems (heat pump/gas 
boiler or electric heat pump/resistance heater) can reduce 𝐶𝑂2 emis-
sions significantly, while also reducing total power system costs, com-
pared to single-fuel heating technologies, especially if considered from 
an integrated gas network/power grid perspective.

Typically, the performance of HHP systems is strongly affected by 
how the hybrid system is integrated, controlled and operated. Chargui 
and Sammouda [25] noted that electricity and natural gas prices play 
an important role on the HHP performance, as these can vary by region. 
Typically, the authors found that HHP systems are more satisfactory in 
residential buildings when a careful integration of the system is un-
dertaken to optimise gas and electricity usage. Therefore, an effective 
operation strategy is essential for a hybrid heating system. According 
to Li and Du [26], the associated control strategies for a HHP system 
can lead to 20%-65% economic benefits compared to a non-optimised 
baseline.

Research work to date on HHP systems has tended to focus mainly 
on associated system energy and economic analysis, while little research 
has been carried out on the integrated analysis of building retrofitting 
scenarios incorporating either EHP or HHP systems, where different 
building fabric thermal retrofit options are evaluated. Currently, there 
is an emerging need to examine the efficacy of energy policy instru-
ments on energy efficiency and energy performance improvement in 
residential buildings [27]. Therefore, more research is needed to iden-
tify the technical and economic potential of these retrofitting strategies 
with current home retrofit options and incentives [17] which is focus 
of the present contribution.

The current paper presents an economic and technical analysis of 
a hybrid heat pump, which was installed in association with a retrofit 
upgrade of a residential building located in Ireland, which involved 
retrofit of both the heating system and the building envelope. A build-
ing energy simulation model of the integrated system was developed 
and validated as part of this research. Using this model, further simula-
tion analysis was carried out for different retrofit scenarios. The overall 
aim of the paper is to examine the effectiveness of the HHP system sub-
ject to different envelope retrofit measures and operational boundary 
3

conditions. Benchmarking of the HHP system is carried out with refer-
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Table 1

Characteristics of the building envelope.

U-Value (W/𝑚2K)

External Wall Roof Floor Glazing

Base Case 0.31 0.31 0.25 2.15
Minimal Retrofit 0.31 0.16 0.25 2.15
Deep Retrofit 0.18 0.16 0.18 0.8

ence to an electric heat pump system, as well as conventional fossil gas 
and oil heating systems. The significance of the current study lies inso-
far as little investigation has been carried out to date that examines the 
integrated analysis of a hybrid heat pump and residential building - in-
cluding different retrofit measures - such that technical and economic 
performance can be examined with reference to an electric heat pump 
and fossil fuel boiler systems.

2. Material and methods

The case study consists of a residential building, described in sec-
tion 2.1.1, which was subject to staged retrofit of its fabric and energy 
conversion systems, as described in section 2.1.2. To provide a more 
comprehensive analysis, a simulation model of the building was devel-
oped (section 2.2.1) and validated against experimental data associated 
with the aforementioned building (section 2.2.2). The model was then 
used to carry out a technical analysis to determine the potential bene-
fits of different retrofitting scenarios in terms of primary energy savings 
and carbon emissions reduction, with reference to various metrics as 
described in section 2.3.1. Finally, several economic indexes were in-
troduced (section 2.3.2) to investigate the investment sustainability 
of each considered retrofit scenario. The overall methodology of the 
present research is summarised in Fig. 1.

2.1. Case study

2.1.1. Building description

The reference building is a residential detached house which was 
constructed in 1999 and is located in Ireland. The building uses a hy-
dronic based heating system, the use of which is ubiquitous in Ireland 
& the UK, with a reported penetration of 95% with reference to all in-
stalled residential heating systems [28]. The building has a floor area of 
160 𝑚2 and a south-easterly facing aspect. The ground floor consists of 
four communal living spaces and a bathroom, while the first floor con-
tains four bedrooms and a bathroom. The building has ceiling to floor 
height of 2.5 metres and a total external wall surface area of 139 𝑚2. 
The windows are double-glazed units, with a window to wall ratio of 
0.22 and a total glazed area of 30.5 𝑚2, with a majority of the glazing 
on the ground floor.

The building was retrofitted by the house owner in stages between 
October 2014 and April 2015. First, the original condensing gas boiler 
was replaced with a hybrid heat pump system (HHP). A data moni-
toring system was also installed and commissioned in November 2014. 
Next, in late February 2015, low temperature aluminium radiators were 
installed, replacing conventional high temperature steel radiators. Fi-
nally, in April 2015, other retrofitting measures were completed which 
included upgraded insulation in the dormer roof structure to reduce 
heat losses. Therefore for the present work, three fabric retrofit sce-
narios (see Table 1 for fabric details) are considered in the simulation 
analysis as follows:

• Base Case Scenario: This scenario utilises the building fabric spec-
ifications as per the original construction (1999). Therefore, for 
the building simulation model, the relevant building fabric com-
ponents are mapped to the prevailing Irish Building Regulations at 

that time [29].
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Fig. 1. Schematic diagram of the overall workflow of the study.
• Minimal Retrofit Scenario: This scenario is based on the retrofitted 
dwelling carried out in April 2015 and includes the fabric im-
provements at the upper floor and roof level. It is mapped to the 
prevailing Irish Building Regulations at the time of retrofit [30].

• Deep Retrofit Scenario: This scenario considers the implementation 
of additional retrofitting measures corresponding to contemporary 
Irish national guidelines [31]. They include improvements to the 
ground floor, the ground floor external walls and the window U-
value specifications. It should be noted that as these deep retrofit 
measures were not carried out to the actual building fabric, instead 
for the current work, they are analysed by means of the building 
simulation model (see Section 2.1.2).

Four different heating systems are considered as follows: an oil 
boiler with older cast iron radiators, a condensing gas boiler with steel 
radiators, a hybrid heat pump with aluminium radiators and an all-
electric heat pump with aluminium radiators. Further specific informa-
tion on the integration of the heating systems with the aforementioned 
fabric scenarios is provided in Section 2.1.2. More generally, for all sce-
narios, the heating system was normally operated so as to maintain 
an average internal temperature of 20 ◦C with a 0.5 ◦C dead band at 
all times. A night setback period was utilised. This is in line with pre-
vailing standards to maintain thermal comfort conditions in dwellings 
[32]. The building schedules are maintained and thus the HHP system 
was scheduled to operate over the entire year. Based on Köppen Geiger 
climate classification system [33], the relevant climate type is defined 
as a temperate oceanic climate.

The installed HHP system is a commercially available air-source HP 
system with a nominal output of 8 kW (rated at 35 ◦C water supply 
temperature from the HHP system) for the heat pump and 33 kW for 
the gas boiler. The HHP system can operate as either a hybrid system 
or as individual independent units. The control strategy for hybrid heat 
pump is based on the outdoor air temperature and the supply water flow 
temperature which determines the mode under which the unit operates. 
It can be summarised as follows:

• Mode 1 - Gas Boiler Mode: this mode is controlled by HHP mode-
4

switch temperature and it was set at 2 ◦C as per manufacturer 
Fig. 2. Hybrid heat pump control algorithm flowchart.

specifications. During periods where the external air temperature 
is below the mode-switch temperature, the gas boiler provides the 
entire thermal load (Switch to Mode 1, if 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 < 𝑇𝑚𝑜𝑑𝑒−𝑠𝑤𝑖𝑡𝑐ℎ).

• Mode 2 - Electric Heat Pump Mode: this mode applies when the 
outdoor air temperature is greater than the mode-switch temper-
ature, and where the water supply flow temperature is equal to 
or less than 45 ◦C (Switch to Mode 2, if 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 ≥ 𝑇𝑚𝑜𝑑𝑒−𝑠𝑤𝑖𝑡𝑐ℎ & 
𝑇𝑤𝑎𝑡𝑒𝑟𝑓𝑙𝑜𝑤 ≤ 45 ◦C).

• Mode 3 - Hybrid Mode: this mode applies when outdoor air temper-

ature is greater than the mode-switch temperature, and the water 
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Table 2

Summary of analysed scenarios.

Scenario System Distribution Fuel Water Supply Temp. (◦C) Envelope Categorisation

(a) OB RAD Oil 70 Base Case
(b) CGB RAD Nat. Gas 60 Base Case
(c) HHP ALU-R Elec./Nat. Gas 55 Base Case
(d) EHP ALU-R Elec. 55 Base Case
(e) HHP ALU-R Elec./Nat. Gas 55 Minimal Retrofit
(f) EHP ALU-R Elec. 55 Minimal Retrofit
(g) HHP ALU-R Elec./Nat. Gas 55 2018 Building Regulations
(h) EHP ALU-R Elec. 55 2018 Building Regulations
supply temperature is greater than 45 ◦C. In this mode, the heat 
pump and the gas boiler operate in series to provide the ther-
mal load (Switch to Mode 3, if 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 ≥ 𝑇𝑚𝑜𝑑𝑒−𝑠𝑤𝑖𝑡𝑐ℎ & 𝑇𝑤𝑎𝑡𝑒𝑟𝑓𝑙𝑜𝑤

> 45 ◦C).

In addition, a control algorithm flowchart for the hybrid heat pump is 
illustrated in Fig. 2.

2.1.2. Summary of the analysed scenarios

In the present study, two baseline and six retrofit scenarios incorpo-
rating different combinations of the heating system and building fabric 
retrofit are considered, which are outlined below and summarised in 
Table 2.

• Scenario (a) uses the base case building with a non-condensing oil-
fired boiler with an assumed overall efficiency of 80%. A water 
supply temperature of 70 ◦C is applicable and the heating distribu-
tion system uses cast iron radiators.

• Scenario (b) is similar to scenario (a), except for a natural gas con-
densing boiler with an overall efficiency of 92% is deployed. A 
water supply temperature of 60 ◦C is applicable and steel radiators 
are utilised. Scenarios (a) and (b) were included to provide ref-
erence baselines, as both scenarios are common in Irish building 
stock.

• Scenario (c) uses the base case building with the hybrid heat pump 
and a design water supply temperature of 55 ◦C. In addition, the 
heating distribution system uses aluminium radiators which are 
designed to operate at lower temperatures compared to conven-
tional steel radiators. No other retrofit measures are applied to the 
dwelling.

• Scenario (d) uses the base case building with an electric heat pump 
and a design water supply temperature of 55 ◦C. Aluminium ra-
diators are utilised. No other retrofit measures are applied to the 
dwelling. The capacity rating of the EHP is 14 kW (55 ◦C), as per 
manufacturer specifications.

• Scenario (e) corresponds to a minimal fabric retrofit scenario which 
includes both aluminium radiators and additional dormer and roof 
insulation. The heating system is as per scenario (c).

• Scenario (f) uses the same building model as Scenario (e). The heat-
ing system is an EHP as per scenario (d).

• Scenario (g) incorporates a deep retrofit as per the 2018 Irish Build-
ing Regulations [34]. It uses the same heating system and supply 
flow temperatures as scenario (c).

• Scenario (h) incorporates a deep retrofit as per the 2018 Irish Build-
ing Regulations [34]. The heating system is an EHP as scenario (d).

The performance of the oil and gas boilers were based on CIBSE 
guide B [35] and SEAI guidelines [36]. The performance of the hybrid 
heat pump was based on experimental data from the installed system, 
which was fitted with a regression equation. The performance data of 
electric heat pumps were provided by the manufacturer for a range of 
operation points. These are shown in Fig. 3. In the simulation analysis, 
5

the experimental HHP performance curve was used for all HHP scenar-
Fig. 3. Heat pumps performance curves.

ios, and a standard heat pump performance curve from a manufacturer 
(Model RLQ014, Fig. 3) was used for all EHP scenarios.

2.2. Modelling and assessment procedures

2.2.1. Energy simulation model

Building energy simulation models for each of the aforementioned 
scenarios were created using IESVE [37]. This simulation software uses 
ApacheSim [38] as the internal engine to model the building heat trans-
fer processes. A schematic of the modelled building is given in Fig. 4. A 
time step of 2 minutes was used for simulation and data was exported 
every 10 minutes to match the experimental data reporting intervals.

The simulation model uses climatic data made available by ASHRAE 
[39] for a location which is approximately 16 kilometres from the 
building test site. Ambient weather conditions were measured experi-
mentally at the site based on 10 minute intervals and included dry-bulb 
temperature and solar radiation. This data was averaged on the basis of 
one hourly intervals to allow comparison with meteorological data and 
the ASHRAE climatic database. Hourly weather data was recorded by 
the Irish Meteorological service, Met Éireann [40], at a weather station 
located 10 km away from the dwelling.

2.2.2. Model validation

Verification of the building and energy system model was based on 
data collected for the period from December 2014 to April 2016. Three 
verification metrics were used: the root mean square error (RMSE), the 
coefficient of variation of root mean square error (CVRMSE), and the 
mean absolute percentage error (MAPE).

The RMSE is the standard deviation of the prediction errors (resid-
uals) as specified in Equation (1), where N is the total number of time 

steps or data points in the simulation, i is the current time step, x𝑖 is 
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Fig. 4. Case study residential building.
the simulated value at the current time step, and y𝑖 is the experimental 
value at the current time step, and p is the number of adjustable model 
parameters, for calibration purposes, ASHRAE suggests p=1.

𝑅𝑀𝑆𝐸 =

√√√√ 1
𝑁 − 𝑝

𝑁∑
𝑖=1

(𝑥𝑖 − 𝑦𝑖)2 (1)

The CVRMSE is an index determining how well a model fits the 
data by capturing the offset error between measured and simulated 
data. This error metric, recommended by ASHRAE [41], is defined by 
Equation (2), where 𝑦 is the average value of the experimental data. 
Typically, a 15% acceptance criteria for the calibration of building en-
ergy models is recommended.

𝐶𝑉 𝑅𝑀𝑆𝐸 = 100
𝑦

√∑𝑁

𝑖=1(𝑥𝑖 − 𝑦𝑖)2

𝑁 − 𝑝
= 𝑅𝑀𝑆𝐸

𝑦
(2)

Finally, the MAPE measures the average absolute magnitude of the 
errors in a set of predictions or simulations. Equation (3) shows how to 
calculate the MAPE.

𝑀𝐴𝑃𝐸 = 100
𝑁

𝑁∑
𝑖=1

||||𝑥𝑖 − 𝑦𝑖

𝑦𝑖

|||| (3)

Data collection in the period December 2014 to February 2015 al-
lowed predicted and measured space heating loads to be compared prior 
to the building envelope retrofitting as shown in Fig. 5. The simulated 
heating load is calculated by the IESVE software (with respect to the 
external ambient conditions and inside temperature at 20 ◦C), whereas 
the experimental data is based on an energy balance measurement of 
the building heating supply/return water temperatures. For the three 
months, a MAPE of 3.5%, a RMSE of 196 kWh, and a CVRMSE of 6.5% 
were noted. All are deemed to be within requirements as per ASHRAE 
specifications [41].

Regarding the minimal retrofit scenario, heating loads were com-
pared for the period May 2015 to April 2016, as shown in Fig. 6. The 
basis for determining the simulated and experimental loads is similar to 
that outlined for Fig. 5. For this data, a RMSE of 131 kWh, a MAPE of 
4.4% and a CVRMSE of 10.4% are applicable, all of which are within 
ASHRAE recommended tolerances [41].

Finally, the metered energy consumption (kWh) of the HHP (gas 
and electricity consumption) is compared with simulation predictions, 
as per Fig. 7, where both gas and electricity consumption were shown 
for 12 calendar months (Jan 2015 - Dec 2015) for the heating system. 
The results exhibit an average monthly RMSE of 112 kWh, a MAPE 
of 4.55% and a CVRMSE of 10.6%, which are all within the ASHRAE 
6

specifications [41].
Fig. 5. Comparison of building heating loads - simulation (No retrofit model) 
vs. experimental data.

2.3. Techno-economic analysis

2.3.1. Energy analysis

Space heating of buildings can be supplied by different energy con-
version systems and associated energy sources. For this reason, ap-
propriate indicators are essential for analysing energy efficiency and 
performance of energy systems in buildings [42]. To resolve energy 
consumption by different energy conversion systems to a single compa-
rable primary energy baseline, the Primary Energy Factor (PEF) is often 
used to take into account the production chain of the energy vector that 
has been used by the different systems [42]. The energy performance 
evaluation of technical systems in buildings is highly influenced by PEF 
values and therefore it is important that the PEF is applied correctly 
[42,43].

The PEF for the electricity used by the heat pump depends on the 
generation mix of the country in which it operates and it is calculated 
using Equation (4) [44] as follows:

𝑃𝐸𝐹 =
𝑃𝐸𝐸𝑃

𝐸𝐸
(4)

where 𝑃𝐸𝐹 is the primary energy factor for electricity production, 
𝑃𝐸𝐸𝑃 is the primary energy utilised for electricity production on the 
network, and 𝐸𝐸 is the electricity delivered for final or end-use energy 
consumption. The PEF for the Irish electrical grid for this analysis was 
set as 𝑃𝐸𝐹𝑒𝑙𝑒𝑐 = 1.83 [45]. For natural gas and oil, the PEF was set 

as 𝑃𝐸𝐹𝑔𝑎𝑠 = 1.15. Conversion factors for the different energy vectors 
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Fig. 6. Comparison of building heating loads (May 2015 - Apr 2016) - simulation (Minimal retrofit model) vs. experimental data.

Fig. 7. Hybrid system - total energy consumption: (Jan 2015 - Dec 2015) Scenario (e).
are based on data from the Irish energy agency SEAI [46]. It should 
be noted that these conversion factors differ from country to country 
and depend on their national energy system at a specific point in time, 
in conjunction with the total share of renewable generation in the re-
spective power systems [47]. The PEFs used in this study are within 
the range of typical primary energy conversion factors used in most EU 
countries [48].

The PEF for heat production in the case of the all-electric air-source 
HP heating system was calculated using Equation (5), where 𝑃𝐸𝐹𝐻𝑃

is the primary energy factor for an all-electric HP system, 𝑃𝐸𝐹𝑒𝑙𝑒𝑐 is 
the primary energy factor of electricity production, and 𝑆𝑃𝐹𝐻𝑃 is the 
seasonal performance factor of the all-electric heat pump.

𝑃𝐸𝐹𝐻𝑃 =
𝑃𝐸𝐹𝑒𝑙𝑒𝑐

𝑆𝑃𝐹𝐻𝑃

(5)

where the SPF of the heat pump is defined as per Equation (6):

𝑆𝑃𝐹𝐻𝑃 =
𝑄𝐻𝑃

𝐸𝑒𝑙𝑒𝑐

(6)

where 𝑄𝐻𝑃 is the heat pump thermal output, and 𝐸𝑒𝑙𝑒𝑐 is electrical 
7

consumption of the heat pump system, both on an annual basis.
The PEF for heat production in the case of the hybrid heat pump 
was calculated using Equation (7):

𝑃𝐸𝐹𝐻𝐻𝑃 =
𝑃𝐸𝐻𝐻𝑃

𝑄𝐻

=
𝑃𝐸𝐻𝐻𝑃

𝑄𝐻,𝐶𝐺𝐵 +𝑄𝐻,𝐻𝑃

(7)

and

𝑃𝐸𝐻𝐻𝑃 = 𝑃𝐸𝑔𝑎𝑠+𝑃𝐸𝐻𝑃 =
𝑄𝐻,𝐶𝐺𝐵

𝜂𝐶𝐺𝐵

. 𝑃𝐸𝐹𝑔𝑎𝑠+
𝑄𝐻,𝐻𝑃

𝑆𝑃𝐹𝐻,𝐻𝑃

. 𝑃𝐸𝐹𝑒𝑙𝑒𝑐 (8)

where 𝑃𝐸𝐻𝐻𝑃 is the primary energy utilised for electricity and gas pro-
duction, 𝑄𝐻,𝐶𝐺𝐵 and 𝑄𝐻,𝐻𝑃 are the final energy (thermal) associated 
the hybrid condensing gas boiler and hybrid heat pump units, respec-
tively, 𝑃𝐸𝐹𝑔𝑎𝑠 and 𝑃𝐸𝐹𝑒𝑙𝑒𝑐 are the primary energy factors of gas and 
electricity production, respectively; 𝜂𝐶𝐺𝐵 is the efficiency of the con-
densing gas boiler and the 𝑆𝑃𝐹𝐻,𝐻𝑃 is determined as per Equation (6), 
albeit for the heat pump unit of the hybrid heat pump system.

The seasonal performance factor of the hybrid heat pump system 
was calculated based on a methodology similar presented in Klein 
et al. [21] and Lin et al. [49], as per Equation (9):

𝑄𝐻𝐻𝑃

𝑆𝑃𝐹𝐻𝐻𝑃 =

𝐸𝑒𝑙𝑒𝑐

(9)
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where 𝑆𝑃𝐹𝐻𝐻𝑃 is the hybrid heat pump system seasonal performance 
factor, 𝑄𝐻𝐻𝑃 is the overall heat output, and 𝐸𝑒𝑙𝑒𝑐 is the overall electri-
cal energy input (metered energy consumption) to the heating system, 
all measured in kWh.

With knowledge of the PEFs of all heating systems, the primary en-
ergy savings (PES) with respect to Scenario (a) can be calculated by 
using Equation (10).

𝑃𝐸𝑆 =
𝑃𝐸𝑂𝐵 − 𝑃𝐸ℎ𝑠

𝑃𝐸𝑂𝐵

× 100% (10)

where 𝑃𝐸𝑂𝐵 is the primary energy consumption of the oil boiler refer-
ence heating system, and 𝑃𝐸ℎ𝑠 is the primary energy consumption of 
the heating systems of Scenarios (b) to (h).

The carbon intensity for each scenario is quantified using the met-
ric (𝑡𝐶𝑂2/year), where the emission factor for each fuel vector uses 
the appropriate national conversion factors. Emission factors of 0.2639 
kg/kWh for oil, 0.2047 kg/kWh for natural gas, and 0.4366 kg/kWh for 
electricity were utilised [46]. This allows the annual carbon intensity to 
be calculated using Equation (11) as follows:

𝜖 =𝐸 × 𝐸𝐹

1000
(11)

where 𝜖 is the carbon intensity in tonnes 𝐶𝑂2 per year, E is the energy 
use in kWh, and EF is the emissions factor for each fuel vector. It is 
noted that in the case of the hybrid heat pump system, the emissions of 
both the natural gas and the electricity energy vectors are summed.

2.3.2. Economic assessment

In order to perform a comprehensive economic assessment of the 
scenarios outlined in Table 2, capital costs of material and components, 
as well as monetary savings resulting from the implementation of the 
retrofitting measures were considered.

The purchase costs of materials and components for each scenario 
were determined using publicly available prices and estimates. The data 
chosen for this analysis were averaged for a number of heat pump dis-
tributors and compared to values found in the literature [12,17,50]. As 
this analysis is for residential buildings, prices of heat pumps do not 
vary widely in relation to capacity due to the relatively low variations 
in capacity in comparison to commercial installations. Retrofit insu-
lation costs were based on market prices [51], while window retrofit 
estimates were given indicative values using Window24 [52], which 
provides window pricing from several window types and suppliers. Un-
derfloor heating prices were provided per square metre in accordance 
with NuHeat [53], while aluminium radiators prices were calculated 
using the EcoRad database [54]. Labour costs are based on values 
provided by SEAI for typical charges per square metre of insulation 
installed [55] and Window24 was used for estimating window instal-
lation costs [52]. Maintenance costs are deemed to be similar for all 
scenarios and are therefore not included, as individuals may or not ser-
vice their systems and the regularity at which it is done varies widely 
[56].

Several energy retrofitting grants are available from the Irish 
agency, SEAI [57], who are responsible for energy policy in Ireland, 
and these are listed in Table 3. This is part of the Better Energy Homes

initiative that the Irish government has in place to support retrofit solu-
tions in the residential sector. The goal of this initiative is to reduce the 
energy costs in Irish domestic dwellings, while simultaneously reducing 
carbon dioxide emissions and providing more comfortable homes.

Table 4 shows a summary of the capital costs and applicable grants 
for each scenario, which are inputs to the economic analysis. It is im-
portant to highlight that discount rates on energy projects in the Irish 
market range from 5-14% [58]. Therefore, an 8% discount rate was 
considered appropriate for the purposes of this analysis. Irish domes-
tic fuel prices for oil, natural gas, and electricity were considered as 
e0.088/kWh, e0.069/kWh, and e0.21/kWh, respectively, according to 
Irish domestic fuel prices in 2021 [59]. These prices do not include con-
8

sumption taxes nor utility standing charges.
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Table 3

Summary of SEAI Grants [57].

Element Grant Value

Attic Insulation e400
Internal Insulation (Detached) e2,400
AWHP e3,500
Heating Controls e700
Three Upgrade Bonus e300

Given that Scenario (a) is the most common pre-retrofit heating sys-
tem configuration in Ireland [17,60], it is used as the reference case 
for the economic analysis. Therefore, the cost savings (if any) will be 
based on assessment of each subsequent retrofit option relative to Sce-
nario (a). These are defined based on Equation (12), where NCF is the 
Net Cash Flow, 𝑅𝐶𝑖𝑛𝑖𝑡 for the operating costs of the oil boiler base case 
(Scenario (a)) and 𝑅𝐶𝑆𝐶𝑁𝑥

are the operating costs of the scenario x as 
analysed.

𝑁𝐶𝐹 =𝑅𝐶𝑖𝑛𝑖𝑡 −𝑅𝐶𝑆𝐶𝑁𝑥
(12)

In order to analyse the economic feasibility of heat pumps, two in-
dicators were adopted [61]:

• Net Present Value (NPV): this represents the present value of the to-
tal discounted cash flows 𝑁𝐶𝐹 , calculated over a specified period 
of time (i.e., 20 years), compared to the initial investment [11]. 
The term r is the discount rate, assumed to be equal to 8% as men-
tioned earlier. The NPV can be calculated as shown in the Equation 
(13):

𝑁𝑃𝑉 =
𝑁∑
𝑖=1

𝑁𝐶𝐹𝑖

(1 + 𝑟)𝑖
−𝐶𝐹𝑖𝑛𝑖𝑡 (13)

• Tolerable Capital Cost (TCC): this evaluates the economic feasibil-
ity of a project when the initial cash flows cannot be accurately 
determined [62]. The TCC can be calculated as shown in Equation 
(14):

𝑇𝐶𝐶 =𝐴𝐶𝑆 ×𝑁(1 + 𝑟)−1 (14)

where ACS are the net annual cost savings due to energy upgrade, 
N is the acceptable payback period in years, and r is the discount 
rate. The ACS can be calculated using Equation (15), where m is 
the number of fuels used in the residence, 𝐹𝑝𝑟 is the price per unit 
of each fuel type in e/kWh, and e is the energy saved per period i, 
for each fuel type, expressed in [63].

𝐴𝐶𝑆 =
𝑚∑
𝑖=1

(𝐹𝑝𝑟 × 𝑒)𝑖 (15)

3. Results

3.1. Primary energy savings

Fig. 8a shows the primary energy consumption associated with each 
retrofitting scenario, while Fig. 8b indicates the SPF, the primary en-
ergy factor of the heat source (𝑃𝐸𝐹𝑠𝑜𝑢𝑟𝑐𝑒), and the primary energy 
factor (PEF) of the heating system for each scenario. As outlined in Sec-
tion 2.3.1, when calculating PES values, all scenarios are benchmarked 
with respect to the oil boiler (Scenario (a)) energy conversion system.

Generally, scenarios utilising either an electric heat pump or hybrid 
heat pump, i.e., scenarios (c)-(h), achieve higher PES values from 45% 
to 70%, where PES values for the hybrid heat pump system retrofit 
scenarios, i.e., scenarios (c), (e) and (g) are the highest. Furthermore, 
compared to the fossil fuel systems (Scenarios (a) and (b)), scenarios 
(c)-(h) all have lower respective PEFs, which when considered in con-

junction with their SPFs, result in higher PES values. Moreover, it can 
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Table 4

Summary of economic model inputs.

Scenario (c) Scenario (d) Scenario (e) Scenario (f) Scenario (g) Scenario (h)

Electric HP Heating Capacity (kW) 8 14 8 14 8 14
EHP/HHP Cost (e) 9,000 7,500 9,000 7,500 9,000 7,500
Heating Emitter System Cost (e) 8,000 8,000 8,000 8,000 8,000 8,000
Insulation Cost (e) - - 1,650 1,650 7,874 7,874
Window Cost (e) - - - - 23,870 23,870
Labour (e) 2,000 2,000 6,400 6,400 36,950 36,950
Grant Available (e) 700 4,200 700 4,200 3,800 7,300

Fig. 8. Analysis of (a) Primary Energy Consumption and (b) SPF and PEF for scenarios (a) to (h).
Fig. 9. Analysis of carbon emissions for each scenario.

be seen that Scenarios (e) and (g), hybrid heat pump systems with min-
imal and deep thermal retrofit, respectively, achieve the highest PES 
(56% and 72%), and lower PEF values (1.55 and 1.54). Additionally, 
examining Fig. 8b, it can be seen that, in general, hybrid heat pump en-
ergy systems, i.e., scenarios (c), (e), and (g), achieve higher SPF values 
compared to electric heat pump energy systems, i.e., scenarios (d), (f), 
9

and (h).
For the HHP systems, the ratio of gas to electricity consumption sig-
nificantly impacts the overall PES, due to the use of gas as a fuel source. 
This is evident for scenarios (c), (e), and (g), where the gas:electricity 
utilisation ratios are 41.5:58.5, 41.4:58.6, and 42:58, respectively. For 
scenario (c), where no thermal retrofit was implemented, the actual gas 
consumption (4301 kWh) is higher than Scenarios (e) (3758 kWh) and 
(g) (2436 kWh), with minimal and full thermal retrofit, respectively. 
The fuel ratio and thermal retrofit play an important role and have the 
potential to make electric heat pumps and hybrid heat pumps, even 
with a higher water supply temperature, a more attractive option in 
terms of primary energy savings, when full thermal retrofit has taken 
place. This is evident from Scenarios (g) and (h). Since scenarios (d) and 
(f) utilise an electric-only heat pump operating with 55 ◦C water supply 
temperature but with different thermal insulation levels, both scenar-
ios achieved almost similar SPFs, and exhibit PES of approximately 45 
and 52%, respectively, compared to OB reference scenario. However, 
for Scenario (g), where deep thermal retrofit with a HHP is considered, 
a PES value of approximately 72.5% is attained which is the highest 
PES value.

Carbon dioxide emissions for each scenario are shown in Fig. 9. Sce-
narios (a) to (d) show the carbon emissions associated with each energy 
conversion system, where the base case (no retrofit) building envelope 
is assumed. With reference to the SPF data in Fig. 8b, in which Sce-
nario (c) is observed to have a higher SPF than Scenario (d), Scenario 
(c) exhibits a 52% reduction in emissions compared to the OB energy 
system (Scenario (a)). The equivalent reduction in carbon footprint for 
Scenario (g) is 74% compared to the OB energy system (Scenario (a)). 
This shows that, at least for the boundary conditions considered in this 

study, the HHP system outperforms the EHP system in terms of carbons 
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Fig. 10. System operating costs for each scenario.

emissions. Similar results are found in a recent study authored by Lin 
et al. [49]. This is because in Scenario (g), the hybrid system switches 
to condensing gas boiler mode when the external ambient temperature 
is below 2 ◦C, or works in series to supply water at 55 ◦C, thereby ensur-
ing that the heat pump COP is not penalised and resulting in the higher 
performance of the HHP. Similarly, the HHP system with the minimal 
retrofit (Scenario (e)) achieves 4% less carbon emissions reduction com-
pared to the electric heat pump system with minimal retrofit (Scenario 
(f)), indicating that, for the boundary conditions considered, the hybrid 
system is less carbon intensive than the EHP.

The greatest carbon reductions correspond to HHP and EHP sys-
tems with a deep retrofit (Scenario (g) and Scenario (h)), where the 
carbon emissions per unit floor area are 10.6 g𝐶𝑂2/𝑚

2/year and 12.7 
g𝐶𝑂2/𝑚

2/year, respectively, the lowest values recorded for all scenar-
ios. Scenario (g) achieves a 44% and 37% carbon emission reduction 
relative to Scenario (c) (HHP base case) and Scenario (e) (HHP with 
minimal retrofit), respectively. Scenario (h) (EHP with deep retrofit) 
achieves a 45% and 37% carbon emission reduction compared to Sce-
nario (d) (EHP base case) and Scenario (f) (EHP with minimal retrofit), 
respectively.

3.2. Analysis of the investment

Fig. 10 summarises the annual running costs for each scenario. For 
comparable retrofit options utilising the HHP system (Scenarios (c), (e) 
and (g)) and the EHP system (Scenarios (d), (f), and (h)), lower annual 
operating costs are evident for the HHP scenarios. Comparing all HHP 
scenarios (c, e and g), it can be seen that Scenario (g) outperforms Sce-
narios (c) and (e) by achieving higher cost savings, respectively. Also, 
it can be seen that non-condensing oil-fired boiler (Scenario (a)) has 
the greatest yearly operating cost compared with other scenarios, while 
Scenario (g) (HHP with deep thermal retrofit) and scenario (h) (EHP 
with deep thermal retrofit) have the lowest annual operating costs of 
e757/year and e979/year, respectively.

Fig. 11 shows the Net Present Values (NPV) of all scenarios with ref-
erence to either a full upgrade capital cost investment or an EHP/HHP-
only capital cost investment. The NCF values are calculated with respect 
to the oil boiler system (Scenario (a)). For Scenarios (c) and (d), a full 
upgrade includes the capital costs associated with the energy conver-
sion system, the upgraded heat emitter distribution system, and the 
labour costs; for Scenarios (e) and (f), the energy conversion system, the 
upgraded heat emitter distribution system, the minimal fabric retrofit, 
and the labour costs; and for Scenarios (g) and (h), the energy con-
10

version system, the upgraded heat emitter distribution system, the full 
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Fig. 11. Net present values (20 years) of each scenario, with reference to oil 
boiler (Scenario (a)).

Fig. 12. Tolerable capital cost for each scenario, with reference to OB (Scenario 
(a)) and CGB ((Scenario (b)). (Note: HS CC = Heating System Capital Cost).

fabric retrofit, and the labour costs. Grants for the all-electric heat pump 
(EHP), the control systems, and the fabric thermal retrofit are taken into 
account. The EHP/HHP-only capital cost investment takes into account 
the capital costs of the EHP or HHP only, excluding grants, control sys-
tems and labour costs.

The investment analysis in the cases of retrofitting of the energy con-
version system only (i.e., the EHP/HPP-only capital cost) shows positive 
NPVs for scenarios (e), (g), and (h), based on a 20 year assessment 
period. Scenario (e) with minimal retrofit has a marginal return on 
investment, whereas Scenarios (g) and (h) with deep thermal retrofit 
are observed to have a return on investment over a 20-year period of 
e4711, and e4028, respectively. Furthermore, the investment analysis 
in case of the full retrofit capital investment shows no return of invest-
ment after 20 years and the NPV values are all negative.

A key reason why householders may undertake deep retrofit mea-
sures is to achieve better levels of thermal comfort in their homes, 
possibly with a increase in the building market value, and thus may 
not necessarily expect a full payback based purely on system opera-
tion alone. With this perspective on mind, Fig. 12 depicts the economic 

indicators corresponding to the energy conversion system only, by con-
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Fig. 13. Return on investment analysis with focus on HP Grant support, with reference to OB (Scenario (a) and CGB (Scenario (b)).
sidering the OB (Scenario (a)) and CGB (Scenario (b)) as reference cases. 
The tolerable capital cost is a useful indicator to ascertain the capi-
tal cost for an energy saving upgrade that will be recovered based on 
the annual energy savings, the payback period, the estimated annual 
interest, and fuel cost escalation rates [63]. However, savings are con-
siderably influenced by the reference case selection. For this research, 
electricity prices (e0.21/kWh) in Ireland are more expensive than oil 
(e0.088/kWh) and natural gas (e0.069/kWh) prices, which econom-
ically favours hybrid heat pump systems. In the case of the current 
analysis, the period considered is 20 years. In addition, the TCC indi-
cator is appropriated for the current analysis as installation and labour 
fees are challenging to determine and can vary from contractor to con-
tractor as well as from country to country.

In Fig. 12, it can be seen that TCC values, when the OB was con-
sidered as the reference case, are higher than TCCs corresponding to 
scenarios with the CGB is used as the reference case. The is due to 
the higher efficiency of the CGB, which consumes less primary energy 
compared to the OB. Replacing the OB with any of the retrofitting sce-
narios ((c)-(h)) yields economic benefits. The HHP Scenarios (c) and (e) 
achieve 80% and 74%, respectively, of the heating system capital cost 
return, whereas the return for Scenarios (g) and (h) cover over 40% of 
the heating system capital cost. The TCCs for all-electric HP scenarios 
are also promising where in excess of 50% of the HS capital cost is ex-
pected for Scenario (d), and 60% coverage of the heating system capital 
cost can be expected in Scenario (f).

Considering CGB as the reference case, the TCC values are less for 
all scenarios. In general, it can be seen that positive returns, on the basis 
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of the TCC indicator, are achieved for both the EHP and HHP heating 
systems with deep retrofit (Scenarios (g) and (h)), and HHP system with 
minimal retrofit or no retrofit (Scenarios (e) and (c)).

Fig. 13 shows the comparison of the return on investment for all 
the scenarios where Scenario (a) (Fig. 13a) and Scenario (b) (Fig. 13b) 
have been considered as reference cases. For Scenarios (d, (f) and (h), 
the NPV analysis considers each scenario subject to grant support and 
excluding all grant support. It should be noted that Scenarios (c), (e), 
and (g) do not include any grant support for energy upgrades.

The technical and economic assessment found HHP scenarios to be 
competitive with their EHP scenario counterparts. The analysis also 
shows that for the HHP scenarios with either minimal (Scenario (e)) 
or full thermal retrofit (Scenario (g)) achieve positive NPV values with 
reference to the OB system.

It can be seen that if grant support was not available, then the NPVs 
exhibited by the EHPs is less. For example, in Fig. 13a, EHP scenarios 
with minimal and deep retrofit (Scenarios (f) and (h)), and HHP with 
minimal and deep retrofit (Scenarios (e) and (g)) yield economic ben-
efits after 20 years, with EHP scenarios (Scenarios (f) and (h)) having 
better NPVs given that they are benefiting from home energy upgrade 
grants. The HHP with deep retrofit (Scenario (g)) is also an attractive 
option even without grant support, as is the EHP with deep retrofit 
(Scenario (h)). Also, it can be noted that the highest NPVs are achieved 
when the building is deeply retrofitted and this can be seen from Sce-
narios (g) and (h). Deep thermal retrofit not only increases the indoor 
thermal comfort and energy savings, but also results in better perfor-
mance of the electric heat pump and hybrid heat pump energy systems, 
which results in associated lower levels of carbon dioxide emissions. 
Notwithstanding, it is important to state that applying the same method-

ology and analyses under different climate zones and in countries with 
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different fuel prices, primary energy factors or emission footprints may 
lead to different results.

Fig. 13b shows NPVs when CGB was considered as the reference 
case. It can be seen that only Scenario (h) (EHP with a deep thermal 
retrofit and grant support) achieves a positive NPV. Other scenarios 
do not show positive NPVs and are less attractive from an economic 
perspective.

4. Conclusions

The present paper investigated different energy system scenarios 
consisting of electric and hybrid heat pumps for a range of different 
building retrofit measures. All retrofit options were referenced with re-
spect to an oil fired boiler system and a condensing gas boiler system. 
An existing residential building in Ireland, which underwent various 
energy conversion system and envelope thermal retrofitting steps, was 
used to carry out a techno-economic assessment on the impact of the 
different retrofitting measures. The main results of the analysis can be 
summarised as follows:

• The electric and hybrid heat pump systems both achieve primary 
energy savings compared to fossil fuel (oil or gas) heating systems. 
For the research carried out in this study with reference to the oil 
boiler system, the hybrid heat pump scenarios achieved a slightly 
higher range of primary energy savings (50% to 72%) compared to 
the respective electric heat pump scenarios (45% to 70%).

• Hybrid systems remain competitive when assessing carbon emis-
sions per unit floor area, with values between 10 - 19 g𝐶𝑂2𝑒/𝑚

2/
year (1.7 - 3.0 t𝐶𝑂2/year), whereas for the electric heat pump, val-
ues of between 12 - 23 g𝐶𝑂2𝑒/𝑚

2/year (2.0 - 3.7 t𝐶𝑂2/year) were 
obtained.

• The TCC analysis shows that between 41% to 80% of the heating 
system capital cost can be recovered for all scenarios with reference 
to an oil boiler system.

• It is evident from the study that electricity and gas prices have a 
significant impact on the results; where the high relative cost of 
electricity price compared with natural gas decreases net present 
values (NPV), and lower relative gas prices make hybrid heat pump 
systems marginally more economically attractive.

Finally, it is observed that while NPV valves for all retrofit scenarios are 
negative, this is not unexpected given the applicable tariff regimes. It 
is also noted that in some cases, house owners are motivated to retrofit 
not only to improve thermal comfort but to potentially improve the 
dwelling overall value.

Future work could include: (i) examination of the hybrid system 
subject to different climate conditions, (ii) examination of the hybrid 
system subject to different mode temperature switch-over settings, (iii) 
examination of system performance subject to different electricity tariffs 
regimes and electricity 𝐶𝑂2 grid generation footprints.
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