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Case study
The Europe Union needs to reduce its carbon emissions. To achieve the proposed 55% emission reduction
target by 2030 it has embarked on a Renovation Wave which aims for more, and deeper, building reno-
vation. Considering this ambition and the scale of the challenge, there remains a surprising paucity of
documented post occupancy evaluation studies of deep retrofit projects, particularly those related to
the new nZEB standards and of group housing schemes. This paper reports on the post-retrofit perfor-
mance of a community of 12 single story, one bedroom social houses located in the southeast of
Ireland, occupied by retired and elderly tenants. The deep retrofit works included the upgrade of the
building fabric, ventilation and heating, all with a view to transforming the living standards of the occu-
pants. They in turn responded, when surveyed, with near unanimous satisfaction. The upgrade and the
addition of onsite microgeneration ensured these houses were transformed from lowly F and G national
building energy ratings (BER) to A rated homes as calculated by the national energy rating software,
DEAP. However, a performance gap is reported between the expected A performance (<75 kWh/m2/yr)
and the actual performance, with some homes consuming more than twice the predicted energy, while
in one extreme case the mean winter indoor temperatures are more than 7 �C above the operating tem-
peratures assumed by the DEAP software. The higher than expected indoor temperatures are directly cor-
related with the higher than expected energy consumption, consumed by a heat pump which in itself
exhibited inefficiencies in operation.
This post occupancy evaluation, post retrofit, provides evidence therefore of high occupant satisfaction,

but a satisfaction based on significant energy ‘underperformance’. This case study provides evidence and
insights that can help guide future retrofit practices as Ireland progresses towards the transformation of
its building stock to near Zero Energy Buildings (nZEB).
It also opens up serious questions around the aims and expectations of our national nZEB standard and

generates some key insights into the energy consumption of nZEB dwellings and the assessment methods
necessary to measure them accurately.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The nearly zero energy building standard (nZEB) is required for
all new dwellings completed in the European Union (EU) from the
31st December 2020 [1]. Furthermore, as the nZEB standard gains
traction throughout Europe it is to be paralleled by a proposed EU
Renovation Wave, the purpose of which will be to drive deep
energy retrofits (DER) [2]. However, with little track record in Ire-
land for building such low energy nZEB dwellings, nor renovating
to such a standard, objective information about how these dwell-
ings actually perform in use is required. This is particularly impor-
tant as nZEB is a predictive standard and yet we know little as to
how the buildings created actually perform in terms of indoor air
quality (IAQ) and energy performance, all in line with EU require-
ments [3].
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The objective of the study presented is to uncover key nZEB
design, construction and operation lessons given that the Republic
of Ireland is embarking on the construction of 550,000 dwellings to
these low-energy standards by 2040 [4], and the renovation of
500,000 dwellings by 2030 [5].

This paper builds on previously published Irish post occupancy
evaluation (POE) investigations by these researchers of other low
energy nZEB dwellings (e.g. [6–9]) and certified Passive House
[10] dwellings (e.g. [11–13]). It builds also upon the evidence of
dwellings in use following retrofit, which has been emerging over
the last decade (e.g. [14–16]), but importantly examines here the
performance of dwellings retrofitted to an ‘A’ rating, the highest
national, BER standard. Specifically it examines the performance
of a scheme of 12 dwellings which have undergone a deep energy
retrofit (DER) and provides a detailed operational analysis of these
dwellings. The buildings not only exceed the EPBD retrofit require-
ments (i.e. a minimum of a B2 BER), but all but two of the dwellings
also comply with the more stringent new build nZEB standard. As
part of the POE, it investigates potential reasons for the discrep-
ancy noted between the recorded energy consumption and that
which was predicted, (based on the Dwelling Energy Assessment
Procedure ‘‘DEAP”, the Irish National Building Energy Rating soft-
ware [17]).

Therefore the areas covered in this paper include an analysis of
the actual performance against the predicted energy performance
of these deep energy retrofit homes, and offers further analysis of
the retrofit efficacy and occupant satisfaction noted.

While the occupancy profile (i.e. elderly social housing tenants)
provides variables which are particular in nature, the main finding
to date based on the initial post occupancy evaluation (POE) data,
is that these nZEB-compliant dwellings demonstrate a significant
disparity with the energy-use assumptions inherent in the national
energy rating software. However, given the very high satisfaction
levels inherent in the Occupant Satisfaction Survey (OSS), the
buildings are performing in line with the needs of the occupants.
Furthermore, the heating energy consumption, (while higher than
the rated energy consumption predicted by the DEAP software),
represents a significant reduction compared with that experienced
before the DER, and this reduction is highly valued by the
occupants.

The paper commences by providing background to the rele-
vance of the study in section 2.

Section 3 describes the scheme and the approach taken in the
analysis.

Section 4 reports on the occupant satisfaction survey (OSS),
completed within a Building Use Study (BUS) methodology ques-
tionnaire [18] recognising that delivering on the needs of the occu-
pants is a key driver in determining whether the DER was a
success.

Section 5 analyses the CO2 concentrations as an aid to investi-
gating if the energy savings have been achieved at the expense of
inadequate ventilation.

The energy consumption is then analysed (section 6) firstly by
considering results as calculated by the DEAP software and then
by presenting the recorded energy consumption.

Section 7 presents the recorded interior temperatures and con-
trasts themwith the assumptions inherent in DEAP for the set tem-
peratures and heating periods.

Section 8 presents an analysis of the impact of the recorded
temperatures (both interior and exterior) on the energy consump-
tion compared with the DEAP results.

A summary is presented and discussion is carried out in section
9 and the conclusions drawn in section 10.
2

2. Background

2.1. EU directives

Ireland, like all EU countries, is undertaking the largest mass
adoption of low energy building standards in the history of the
state, yet there is a paucity of data on how these low energy build-
ings will perform into the future.

Considerable past building research has highlighted the benefit
of using POE data to inform the design and construction of future
buildings. However, POE is not mandated and continues to be
neglected in practice [19]. As a result, this particular study is
unique and must be viewed as important, both in the Irish and
international context, as low-energy dwellings become standard.

Further, there is an obligation on member states to ensure that
the implementation of nZEB buildings does not lead to poor indoor
air quality and put in place mechanisms to compare the actual
energy performance with the predicted [3]:

‘‘In accordance with Article 4(1), minimum requirements must take
account of general indoor climate conditions in order to avoid pos-
sible negative effects such as inadequate ventilation. To avoid dete-
rioration of indoor air quality, comfort and health conditions in the
European building stock, the stepwise tightening of minimum
energy performance requirements resulting from the implementa-
tion of NZEB across Europe should be done together with appropri-
ate strategies dealing with indoor environment.
Similarly, studies indicate that often new and renovated buildings
do not reach the planned energy performance. Mechanisms should
be put in place to calibrate the calculation of the energy perfor-
mance with actual energy use.”

In Ireland the Energy Performance of Buildings Directive 2010
(Recast) came into force on 1 November 2019. As a result, from 1
January 2021 all dwellings irrespective of when they received
planning permission must achieve compliance with the new stan-
dard (with the exception of those covered by transitional
arrangements).

For new residential buildings the new standard represents a
70% improvement over the original 2005 requirements [20] with
respect to energy performance. This is reflected in the energy per-
formance coefficient (EPC) being no greater than 0.30, along with a
65% improvement with respect to carbon performance (i.e. the car-
bon performance coefficient (CPC) is no greater than 0.35). Both of
these coefficients relate to the regulated primary energy load of the
dwellings which includes space heating, domestic hot water, cool-
ing, ventilation, fixed lighting and services (pumps and fans) [21].

2.2. Existing buildings

For existing buildings, under the EPBD, major renovation is
where ‘‘more than 25% of the surface area of the building envelope
undergoes renovation”. It requires that the building is brought up
to a cost optimal level - typically with a primary energy perfor-
mance of less than 125 kWh/m2/yr. This is equivalent to a Building
Energy Rating (BER) of B2, when calculated using the national
Dwelling Energy Assessment Procedure (DEAP) software [22].

The need to reduce energy in homes is prescient as one-quarter
of all energy used in Ireland is consumed directly in homes; in
2018 it was 9 per cent higher than in 2014. Increasing house num-
bers in combination with by ever expanding floor areas are outpac-
ing efforts to reduce energy demand through energy efficiency. The
real challenge in reducing carbon emissions is seen to lie in the
upgrading of the existing housing stock [23].
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There are many additional benefits for Ireland from upgraded
homes - they are more comfortable, cheaper to run, and bring asso-
ciated health benefits. Studies show that increased indoor temper-
atures lead to reduced hospital and doctor visits for those with
underlying health conditions, taking direct pressure off the health
system at source [24].

Analysis by McKinsey & Co. for the Government’s Climate
Action Plan highlighted the compelling economic case for retrofit-
ting homes and buildings. It is one of the cheapest ways to remove
carbon from the Irish energy system. However, today’s upgrades
appear to be neither deep enough, nor of sufficient numbers, to
reflect national policy. In 2019, circa 2,000 homes were upgraded
via government schemes to a BER B2 level [23]. The Climate Action
Plan envisages this number increasing to 3,500 in 2020, and scaling
up to over 50,000 annually from 2024 onwards [5,23].

2.3. Interaction of buildings and occupants

The relationship between building occupants and buildings is a
complex one, especially as we move towards the unprecedented
mass adoption of low-energy standards. Insulation and ventilation
is paramount. While occupants’ interactions with dwellings can
often influence the energy performance gap, the dwellings’ interac-
tions with occupants can lead to poor health outcomes, through
poor indoor air quality, mould etc. If for example ventilation suffers
due to a drive to reduce energy consumption, then IAQ will suffer.
This has led to the EU calling for a focus on good indoor air quality
in tandem with reduced energy consumption [3].

More beneficially, recent studies have focused on identifying
the underlying reasons for the emergence of performance gaps in
low energy buildings such as the rebound effect, e.g. [25], with
the aim of recognising the many and varied phenomena & actors
involved in construction [26], in order to suggest alternative con-
trol mechanisms and simply learn lessons [27].

Other approaches include incorporating the holistic perspective
of energy culture [28]. In a recent study [29] of 20 retrofit social
housing dwellings in the Republic of Ireland, the main energy dri-
vers considered included material conditions (e.g. the thermal per-
formance of the technologies), householders’ attitudes, perceptions
and norms, concerning the use of energy and finally observable
everyday practices that use energy. The results identified a need
for an integrated approach to energy retrofitting that combines
not only the new technologies, but also the re-shaping of house-
holders’ views and practices related to same. These are necessary
considerations if we are to achieve lasting reductions in energy
use.

Discrepancies between national methodologies and real energy
performance are common and have been reported for the UK [30],
Germany [31], Netherlands [32], Australia [30] and Ireland [8,16].
What is less common is to relate the energy performance and
indoor environmental quality with the desires/needs of the occu-
pants and to compare this further with standards such as EN
16798 [33], and in particular with the defined indoor environmen-
tal quality (IEQ) categories therein. As dwellings become more
energy efficient and as ventilation takes on a defining role in
regards to such IEQ the varying needs of the occupants – for exam-
ple elderly/vulnerable occupants such as those considered in this
POE - becomes paramount.

2.4. The need for POE

A real challenge to the implementation of current and future
low energy standards, is that while it is necessary to measure
energy consumption and indoor air quality (IAQ) indicators in
order to understand the performance of nZEB dwellings, such mea-
surements are not required by regulation, nor enforced by building
3

control. Their implementation can also be somewhat challenged by
very real concerns in practice as to liability and legalities where
such performance matters and/or deficiencies are highlighted. As
a result they are often undertaken only as part of a study of the
building performance in use, such as this one.

Post occupancy evaluation and building performance evalua-
tion (BPE) is vital as they can reveal key insights necessary to
inform the design and construction of future buildings, e.g.
[16,34,35]. However, the majority of published POE’s have primar-
ily focused on energy use and internal environmental conditions
(such as temperature, relative humidity and carbon dioxide con-
centrations) and are not allied to the prescient driving factors of
occupant comfort and satisfaction.

This POE, while building on previous publications goes further
by (a) broadening the perspective through incorporating the feed-
back from the occupants, via the well-established Building Use
Studies (BUS) methodology [18], (b) relating the occupants needs
and desires with the recorded IAQ parameters and then (c) provid-
ing insights detailing reasons why the energy consumption pre-
dicted by the DEAP software does not align with that recorded
insitu, and finally closing the feedback loop by (d) involving the
industry participants, ensuring that the lessons learned are cap-
tured and used to inform future best practice.

The analysis carried out in this paper forms part of the national
nZEB101 project [36], which is monitoring over 101 nZEB dwell-
ings, and aims to uncover the key operational design lessons
emerging from these low-energy dwellings. The data and findings
in this study are considered against the findings to date for the
overall project and will contribute to the future analysis for the
superset of dwellings leading to further holistic analyses.
3. Description of scheme and monitoring and alanysis
framework

The post occupancy evaluation (POE) of these 12 dwellings
which are intended to comply with the nZEB regulations has been
carried out over the period September 2019 to August 2020.

The regulated load comprises space heating, domestic hot
water, fixed lighting and ventilation. Ultimately the Primary
Energy (PE) per square meter of floor area associated with the reg-
ulated load is used by the DEAP software to categorise the energy
performance of buildings into a number of Building Energy Rating
(BER) bands – Fig. 2.1 [37].

Data (1 h) was recorded on the basis of regulated load energy
consumption (primarily heating energy consumption) for all
dwellings for a period of at least one year. In addition, there is
five-minute data on the indoor environmental quality (IEQ) param-
eters of air temperature, relative humidity and carbon dioxide for
the same period.
3.1. Description of the deep energy retrofit project

The Deep Energy Retrofit (DER) buildings comprise 12 � 31 m2,
1-bedroom bungalows, laid out in three terraces of four units. They
were built in the 700s and are of cavity wall construction and are
located in County Wexford, Ireland. The houses are managed by
Wexford County Council and accommodate pensioner/old aged
person (OAP) tenants. Table 3.1 gives details of the dwellings,
(the nomenclature of the dwellings reflects their numbering within
the broader nZEB 101 study).

Prior to the upgrade, the dwellings had issues with inadequate
ventilation and significant thermal bridging resulting in damp
patches and mould on interior surfaces. Four of the dwellings
had the second poorest Building Energy Rating (BER) rating of F
(PE of 380–450 kWh/m2/a), and eight had the worst BER (G) (PE



Fig. 3.1. Pre-retrofit photograph of one of the three – four unit blocks.

Fig. 3.2. Photograph showing the application of external insulation, front door
upgrade and PV panels.

Fig. 3.3. Post Upgrade photograph of 4 units.

Fig. 2.1. BER Regulated load Primary Energy consumption bands.
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of greater than 450 kWh/m2/a), with the poorest performing dwell-
ing of all consuming a regulated load of 1158 kWh/m2/a – all as per
the BER certificates.

Following the upgrade, the dwellings were predicted to operate
within the BER band category of A, with the majority having a BER
of A2 (25 to 50 kWh/m2/a). The primary heating system is an elec-
tric heat pump (HP), and two of the dwellings (nZEB 27 & 31) also
use a solid fuel (SF) open fire with back boiler as secondary heating
sources for an assumed 10% of the time.

The DER was completed in February 2018, a project which sig-
nificantly reduced the energy consumption of the dwellings and
improved the indoor environmental quality. Indeed, the BER
energy performance exceeded that required by the EPBD for a ret-
rofit (a BER of B2), and is in line with requirements for a new build
dwelling. Based on the BER all but two of the dwellings were in
compliance with the new build nZEB requirements of EPC being
less than 0.30 and a CPC of less than 0.35 (Table 3.1.
Table 3.1
Detail of DER nZEB101 dwellings.

Dwelling Building Post BER Post Post

id type Rating CPC EPC

nZEB22 End of Ter A2 0.141 0.146
nZEB23 Terraced A2 0.243 0.19
nZEB24 Terraced A2 0.133 0.138
nZEB25 End of Ter A2 0.141 0.146
nZEB26 End of Ter A2 0.137 0.142
nZEB27 Terraced A3 0.372 0.27
nZEB31 Terraced A3 0.38 0.267
nZEB33 End of Ter A2 0.095 0.099

4
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Figs. 3.1 through 3.4 show photographs before, during and after
the renovation, and the typical floor plan of a dwelling is presented
in Fig. 3.5. Table 3.2 gives details of the upgrade measures and
associated costs.

The section below provides further details for each of the
upgraded elements.

3.1.1. The building fabric upgrade
The building fabric was significantly improved – for example

the calculated U-values of external walls was reduced from
0.6/2.1 W/m2K to 0.25/0.27 W/m2K.
Fig. 3.4. Arial Photograph of scheme.

Fig. 3.5. Plan of dwellings.

Table 3.2
Energy Efficiency Upgrade Measures.

Measure Before

Walls 0.6 to 2.1 W/m2K
Attic insulation 0.4 to 2.8 W/m2K
Windows and doors 2.5 to 3.0 W/m2K
Heating OFCH/BB
Renewable energy None
Ventilation Natural
BER/Overall cost 4 � ‘‘F”, 8 � ‘‘G”

5

Prior to the upgrade a number of the dwellings had a pitched
roof (cold attic/roof construction) with 0–200 mm insulation
between ceiling joists, resulting in U values ranging from 0.4 to
2.8 W/m2K. The upgrade comprised 400 mm insulation (with ther-
mal conductivity of 0.044 W/mK) within the attic space. 200 mm
was applied between ceiling joists, with 200 mm over ceiling joists,
resulting in a U-value of 0.13 W/m2K. In addition to insulation,
draught sealing of the attic hatches etc. took place, to ensure an air-
tight seal.

The floor was not upgraded, primarily due to cost and is there-
fore an uninsulated solid floor with a theoretical U-value of
0.83W/m2K. The external insulation has been brought to path level
which is 150 mm below floor level.

The windows were also upgraded from double glazed, PVC, air
filled units with typical U values of 2.8 W/m2K to triple glazed A-
rated Low E windows with a U- value of 0.80 W/m2K.

The doors were upgraded from the double glazed PVC units
with a 12 mm air filled gap and U-Value of 3 W/m2K) to 1.4 W/
m2K. The doors did not have to be upgraded to meet the desired
A rating, but were replaced nonetheless.

3.1.2. Heating system upgrade
Before the upgrade, the heating systems consisted of a mixture

of electric storage heaters and oil boilers (typically more than
20 years old, with efficiencies of 65% � 80%). These were combined
with open fires with a back boiler (given efficiency of 30%). No
effective operational controls were in place, and so the occupants
had no tradition of using same.

As part of the DER, 4 kW air to water heat pumps were installed
for space heating (SH) in conjunction with radiator heat emitters,
giving an expected space heating efficiency of 368%, and a domes-
tic hot water (DHW) efficiency of 213%. The 180 l DHW tank also
has a 2 kW immersion heater installed to bring the temperature
of the water up to the required temperature, typically during the
summer months, as discussed in a previous paper [9]. Fully Inte-
grated controls were installed with room thermostats in the living
room and bedroom, and a timer is used to set the on off times for
the heating.

At the time of the heating installation, temperatures were set at
21 �C in the living room and 19 �C in the bedroom, broadly in line
with the normal operating temperatures as defined within DEAP,
of 21 �C and 18 �C respectively. Over time those temperatures have
been adjusted by the tenants to satisfy their comfort levels. While
some tenants need assistance in operating the heating controls, the
high levels of satisfaction with the thermal comfort (see section 4)
indicates that the heating is performing as desired.

3.1.3. Ventilation
Uncontrolled natural ventilation constituted the primary mode

of ventilation prior to the upgrade. Air infiltration took place
through the existing chimney and also infiltration through gaps,
cracks etc, resulting in q50 values of between 4.2 and 9.6 m3/m2/
hr at �50 Pa. Measures were taken to reduce air infiltration includ-
ing closing and sealing of all existing fireplaces (with the excep-
After Cost (€ ’000)

0.25 to 0.27 W/m2K 60
0.13 to 0.25 (flat roof) W/m2K 10
0.78 (Window) to 3.0 (Doors) W/m2K 60
4 kW HP 84
6 � 285 W PV 60
Demand Controlled 24
1 � A1, 9 � A2, 2 � A3 298 + VAT (339)



Table 3.3
Pre-and PostAir Infiltration.

Q50 {m3/m2/hr} 22 23 24 25 26 27 28 29 30 31 32 33

Pre DER 6.4 6.2 8.6 4.2 9.6 5.2 4.8 8.2 9.4 6.8 5.6 4.6
Post DER 3.92 5 5 4.2 4.8 4.8 5 7.4 7.4 4.8 4.8 4.6

Fig. 3.6. Ventilation: RH activated extract vent.
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tions of nZEB 27 and 31) and ceiling attic hatches, resulting in
improvements in all but one of the study dwellings, (nZEB28),
(Table 3.3.

As part of the deep energy retrofit, humidity demand controlled
mechanical extract ventilation (DCMEV) was installed, providing
whole house ventilation. Fresh air is brought into the dwelling
via inlet vents located in the habitable areas such as the living
room, bedroom and wet rooms (Fig. 3.6. Air is extracted from the
dwelling via a low-energy fan with a specific fan power of
0.29 W/m2.

All ductwork in unheated spaces was adequately insulated to
prevent heat loss and the occurrence of condensation within the
ductwork. Adequate measures were implemented to avoid fan or
duct borne noise or noise transfer.

3.1.4. Integration of renewables
Prior to the upgrade, there were no renewables used in the

dwellings. As part of the DER, 11.6 m2 of solar panels (comprising
six panels of 285Wp) were installed per dwelling.

3.2. Description of monitoring framework

3.2.1. Indoor environmental quality
Five-minute IEQ data was collected for 10 of the houses, using

the commercially available Netatmo monitoring equipment [38],
see Table 3.4:

The Netatmo’s inbuilt optical CO2 sensor automatically self-
calibrates, baselining at 400 ppm and has a stated accuracy
Table 3.4
Specifications of Monitoring equipment.

Metric Range Accuracy

indoor temp 0 �C to 50 �C ± 0.3 �C
indoor RH 0 to 100% ± 3 %
indoor CO2 conc. 0 to 5000 ppm ± 50 ppm/± 5%
noise level 35 to 120 dB n/a
outdoor temp �40 �C to 65 �C
outdoor RH 0 to 100% ± 3 %

6

of ± 50 ppm or ± 5%. The actual range was found to be wider in real-
ity in some individual units (possibly up to ± 250 ppm).

3.2.2. Energy consumption
The energy consumed by the heat pump was measured using

Loop [39] clamp-on meters for the houses participating in the
nZEB101 project. This provided one hour data on the Domestic
Hot Water (DHW) and space heating energy consumption, which
comprises the majority of the regulated load.

In addition, data was available from the heat pump manufac-
turer’s monitoring system for the dwellings. This measured and
logged the energy consumption of the heat pump and also the
energy consumption of the 2 kW immersion heater. In the analysis
below combined figs are used for the DHW and space heating given
that the heating system meets both loads.

The remaining elements of the regulated load were not moni-
tored due to logistical reasons and for the purposes of analysis
where assumed to be the same as that predicted by the DEAP soft-
ware - annual consumption for fixed lighting of 286kWh and
27kWh for ventilation.

Further detailed monitoring was carried out on individual heat
pumps in order to determine details such as the coefficient of per-
formance, and this is reported on separately [9].

3.3. Gathering of monitoring data and occupant satisfaction

The tenants of all 12 homes were engaged with and were asked
to be included in the research project. However, two tenants were
not available to participate from the beginning of the project (but
some data is available), while two further participants withdrew
from the project during the monitoring phase. Access to some
specific dwellings proved exceptionally difficult for equipment
installation and changing batteries resulting in loss of contiguous
data. Internet connectivity issues also contributed to loss of some
data.

As a result, over the period September 2019 to August 2020, IEQ
is reported on for eight dwellings and heat pump energy consump-
tion is reported on for eight dwellings. The IEQ data is presented
for each of the four seasons (autumn 2019 through to summer
2020) with the seasonal period as defined byMet Éireann (e.g. win-
ter months being defined as December, January and February).
Given the Covid 19 restrictions, occupant satisfaction question-
naires were posted to the occupants of all 12 houses, and follow-
up telephone calls and visits made, as allowed. This resulted in
responses from eight dwellings.

4. Results – Occupant satisfaction survey

4.1. Overview

The qualitative response by the occupants to the retrofit dwell-
ings is arguably the most important aspect of this post-occupancy
evaluation, since the objective of the DER is to improve the build-
ing for the benefit of its occupants and it is therefore key to facili-
tating an understanding of the success, or not, of the deep energy
retrofit. The occupant’s interaction with their homes is a key driver
in understanding energy consumption, and the creation of the



Fig. 4.2. Summer Occupant Perceptions.
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resulting indoor environmental quality. Therefore, the first set of
data considered in the presentation of the results is the occupant
satisfaction.

The methodology chosen to progress this is known as the ‘BUS
Methodology’ [18] which has become well established in support-
ing the assessment and optimisation of buildings in use.

The aim of the BUS Methodology is to capture as much of the
complex set of study criteria as possible without overwhelming
occupants with too many questions. It endeavours to establish
both good and less favourable building performance characteris-
tics, essential in any POE.

While this paper focuses on the areas of comfort and related
data, the holistic questionnaire also includes Occupant Personal
Profile, Health, Personal Control, Resident’s Needs/Special Require-
ments, Design, Environmental Design Features, Noise, Lighting, and
Utility Costs.

Eight surveys were completed remotely (due to Covid restric-
tions) representing a survey return rate of 67%. The general aspects
of the questionnaire indicated that all residents lived alone and
reflected a 50:50% gender split. All but one tenant had occupied
the homes for more than a year before the retrofit programme
had begun, and all displayed a high level of satisfaction with the
locality. External appearance and the overall workings of the
houses were considered to be good overall.

Three of the respondents reflected that services controls were
important to them but the overall perception of the actual control
they experienced and believed themselves to have, varied widely
across the questionnaires.
4.2. Occupant perspectives – Winter

Overall across seven possible responses the winter indoor envi-
ronmental quality is perceived as being of a high standard, with
four of the occupants giving the highest rating for satisfaction,
one giving the second-highest, and two giving the third highest
rating (fig 4.1.

Air quality was seen overall as meeting a high level of satisfac-
tion. One resident scored the dwelling as draughty during the win-
ter, due to the fireplace not being draught-proofed effectively and
two scored the air as very still, with the remainder rating of slightly
more draughty than neutral. One resident scored the air very dry,
while for the majority the air was neither too humid nor too dry.
For all the residents, the air was not considered stuffy or smelly.
One respondent, (a 77 year old in poor health), noted very high sat-
isfaction, despite offering low survey ratings for more detailed
elements.
4.3. Occupant perspectives – Summer

The occupant satisfaction levels were even higher in relation to
summer indoor conditions with six occupants giving the highest
score and one giving the third highest score (Fig. 4.2.
Fig. 4.1. Winter Occupant Perceptions.
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In addition, six respondents scored maximum points for overall
comfort, with all respondents scoring the temperatures as neither
too hot nor too cold. While the majority were satisfied with the
stability of the temperatures, the occupant in nZEB22 considered
that the temperature varied a lot during the day, (in common also
with their perception during the winter).

A reduction in utilities cost was also clearly indicated as bene-
ficial by all respondents, although the overall lack of response to
the wider utilities questions, (heating, electricity, water), might
indicate a lack of engagement with the technological aspects of
the retrofit.
5. Results - CO2 concentrations

CO2 concentrations have been used as a proxy for both occu-
pancy and IAQ. Fig. 5.1 shows that all of the dwellings’ living rooms
experience carbon dioxide concentrations below 1000 ppm for
more than 75% of the time. The pattern is consistent over the four
seasons considered. The upper quartile of the worst performing
dwelling (nZEB 23) (1500 ppm), is higher than the default limit val-
ues set for category I of EN16798 (550 ppm over outdoor levels, ie
approximately 1000pppm) .

Figs. 5.2 shows that the bedrooms also experience carbon diox-
ide concentrations of below 1000 ppm for at least 75% of the time
in all cases, apart from nZEB 25 which has an upper quartile value
of 1062 ppm.

Based on the principle of carbon dioxide readings as an indica-
tor for appropriate ventilation rates as a proxy for good indoor air
quality [40,41], the demand controlled ventilation system appears
to be successfully managing the supply of fresh air to the dwelling
ensuring an acceptable indoor air quality for more than 75% of the
time in the vast majority of dwellings. The readings are however
higher than the default values for the elderly under category I of
EN 16,798 for some dwellings (e.g. the bedroom of nZEB25 in
spring).
Fig. 5.1. Livingroom CO2 Concentrations Winter 2019 to Autumn 2020.



Fig. 5.2. Bedroom CO2 Concentrations Winter 2019 to Autumn 2020.

Fig. 6.2. Predicted before and after fabric, ventilation and total heat loss {W/K} for
POE dwellings (using DEAP methodology).
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6. Results – Energy consumption

6.1. Overview

It was found through monitoring, that the post DER regulated
load exceeds that predicted by the BER, and in some instances by
a significant margin. An analysis has therefore been carried out
in section 6.2 of the calculations carried out in the DEAP software
(which calculates the BER), and then comparing recorded figures
(section 6.3). Section 6.4 gives an overview of recent findings in
relation to the performance of the heat pump, as a contributing
factor to the identified performance gap (between actual and pre-
dicted energy consumption).
6.2. DEAP analysis

Based on the (example) DEAP figures for nZEB 22 (Fig. 6.1, the
predicted primary energy for space heating accounted for 2033
kWh, domestic hot water 1383 kWh, fixed lighting 299 kWh, and
fans and pumps 326 kWh. Therefore only 15% of the total Primary
Energy (PE) consumption relates to fans, pumps and fixed lighting,
while 50.2% is for space heating, and 34.1% is for domestic hot
water. These ratios are important in the context of understanding
the discrepancies noted between the PE predicted and actual use.
The energy consumption of the space heating and domestic hot
water are therefore focused on below.

Also of note from the DEAP graph is the amount of renewable
energy (2905 kWh) which is contributing to reducing the overall
energy consumption, and making a significant contribution to
achieving the predicted BER A rating. So while the total primary
energy demand for space heating, DHW, fixed lighting and fans/
pumps accounts for 4041 kWh, the PV-generated solar electricity
Fig. 6.1. Predicted energy generation and consumption, nZEB22 (output from DEAP
software showing primary energy sources and loads).
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reduces the overall primary energy consumption by approximately
three quarters. Therefore a major driver in the achievement of the
nZEB compliance is seen to be the addition of the renewable
energy. It is noted that in all cases the BERs issued indicated that
the Primary Energy (PE) saved due to the same number of solar
panels is 2905 kWh, (despite each having different orientations).

For the space heating analysis, a focus was put on the interior
temperatures, to determine if the dwelling temperatures matched
the levels expected by the DEAP software.

Fig. 6.2 shows the DEAP-predicted heat loss (in Watts per Kel-
vin) for the space heating in the eight houses considered, in addi-
tion to the mean values before and after DER. The predicted fabric
heat loss is seen to be significantly higher than the predicted ven-
tilation heat loss. In addition, it is seen that the heat loss has been
significantly reduced, with the mean heat loss reduced from
165.6 W/K to 83.2 W/K, a reduction of over 50%.

Prior to the upgrade, significantly different BERs are evident
between adjacent dwellings, despite almost identical building fab-
Fig. 6.3. Predicted before and after space heating & DHW primary energy
consumption for all dwellings (using DEAP methodology).



Fig. 6.5. Heat pump in nZEB32 in operation for a 3 day period showing evidence of
switching.
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rics (Fig. 6.3. The range of differences in the DEAP predictions can
primarily be explained and understood by considering the effi-
ciency of the space heating and DHW heating systems. For exam-
ple, significant differences in DHW energy consumption before
the upgrade were due to oil fired boilers (nZEB30) compared with
a back boiler in combination with an electrical immersion heater
(nZEB26). After the upgrade, there is good agreement between
the predicted DHW energy consumption, as the HP is used
throughout.

From Fig. 6.3, it is clear that the DER has resulted in significant
reductions in primary energy and that the majority of the energy
consumption corresponds with space heating, rather than domes-
tic hot water.

6.3. Recorded verses predicted primary energy consumption post
retrofit

Fig. 6.4 compares the predicted and recorded space heating and
domestic hot water primary energy consumption, along with the
percentage difference (in green at the bottom of the chart). Also
available in the fig, is the BER band, both as predicted by DEAP,
and also as calculated from the recorded energy consumption.
The PE of the regulated load was determined by multiplying the
recorded domestic hot water and space heating, plus the estimated
energy consumption from fixed lighting and pumps and fans by the
primary energy conversion factor of 2.08 and subtracting the con-
tribution made by the solar PV panels.

Looking at the example nZEB22, the predicted primary energy
regulated load is 3,416 kWh (equivalent to an A2 BER), while that
derived from the recorded figs is 5,879 kWh (equivalent to a B2).

In all cases the actual energy usage is higher than that predicted
by the DEAP software, ranging from 29% higher (nZEB 27) to 138%
higher (nZEB26). The resulting adjusted BER band is ‘‘A” in three
cases of the eight studied, with one dwelling consuming energy
equivalent to a C1 BER, and the remaining four operating within
the B1 band.

There are many potential reasons both technical and beha-
vioural, for the higher than expected primary energy consumption,
including, (i) comfort taking, (rebound effect), (ii) higher heat
losses than expected in the fabric or via ventilation, (iii) higher
than expected DHW consumption, or (iv) poorer than expected
performance in the heating system.

The DHW energy consumption could account for a significant
portion of the discrepancy, given that it accounts for approxi-
mately one third of the primary energy consumption. However,
Fig. 6.4. Predicted and Recorded SH and DHW Primary Energy consumption (kWh).
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given that the dwellings are single occupancy, DHW consumption
is unlikely to be the primary cause of the higher-than-expected
regulated load. Further monitoring would be required to separate
the space heating from the domestic hot water for a more thorough
analysis.

Given that space heating is the largest single constituent
(greater than50%) of the primary energy consumption, section 8
below will examine the higher than expected energy consumption
(compared with the predicted BER figs) based on the assumed inte-
rior and exterior temperatures reported in section 7.

In addition, given that the heat pump is associated with 85% of
the PE demand, recent salient findings [9] of the heat pump system
performance are presented below in section 6.4.

6.4. Analysis of heat pumps in operation

Although long term monitoring of the heat pump’s heat output
was not included in this investigation, some short term monitoring
was conducted and long term Seasonal Performance Factors (SPF)
for 5 of the 12 homes was available directly from the heat pump
system. The SPF , extending over a minimum of one heating season,
ranged from 1.23 to 2.02. These are considerably lower than the
assumed seasonal efficiency of 3.64 to 3.82 specified in DEAP for
space heating and 2.13 to 2.52 for water heating and even lower
than that reported in other studies on heat pumps [42].

The reason for these low performances is possibly due to the
heat pumps being oversized and the resulting effects of short
cycling. When the heat pump turns on, it initially uses more energy
to overcome the static forces. Once it is in full motion the electric-
ity consumption is reduced and the heat pump operates at a high
efficiency. If a heat pump is oversized, it will achieve the set tem-
perature too quickly and turn off until the room temperature
drops. The heat pump will be in constant on/off cycles to try and
maintain the temperature. Evidence from a short 3 day monitoring
period (See Fig 6.5 shows that this is the case in one of the homes.
Given each home is similarly sized and similarly retro-fitted, it is
probable that the same phenomenon will be found in all of them.

This raises the issue of the availability of appropriately sized
heat pumps given the reduced space heating demand of these ret-
rofitted and compact dwellings. The system used is a 4 kW heat
pump, which is among the smallest output units available for an
air to water heat pump.

Further investigation is needed also given the extent of the dis-
crepancy between the recorded and theoretical seasonal perfor-
mance factors, and the impact this has on the primary energy
consumption compared with the BER-expected fig. This is an
important consideration given the extent to which the decarboni-
sation of heating (via heat pump installation) is being incorporated
into Ireland’s strategy for meeting carbon emissions reductions.

7. Results – Indoor temperatures

7.1. Introduction & the use of boxplots

The significant disparity between the measured indoor temper-
atures and those which form the basis of the nZEB (DEAP) metric



Fig. 7.2. Livingroom Temperatures per season.

Fig. 7.3. Bedroom Temperatures per season.

S. Colclough, R.O. Hegarty, M. Murray et al. Energy & Buildings 254 (2022) 111563
suggested a need to focus further on understanding the possible
implications of such disparity. This section shows that not only
are interior temperatures higher than the set temperature which
is assumed for the heating system, but that they are continuously
higher i.e. they do not reflect the on/off cycle inherent in the DEAP
heating system assumptions. Further it is seen that the DEAP
assumption of 21 �C in the living room and 18 �C for the rest of
the dwelling do not match the temperature profiles recorded.

These are important findings as a clear correlation is found
between the higher-than-expected temperatures and the higher-
than-expected energy consumption.

Box plots (Fig. 7.1 are used in the study to represent the distri-
bution of both temperatures, and carbon dioxide concentrations
and to focus on the median measurements. It is noted that unusu-
ally high or unusually low readings (i.e. ‘‘outliers”) are removed
from the box plots presented in this analysis.

7.2. Recorded interior temperatures - overview

The Dwelling Energy Assessment Procedure (DEAP) software
which produces the BER assumes that the heating system has a
set temperature during the heating season of 21 �C in the living
room, and 18 �C in the rest of the dwelling for two hours in the
morning and six hours in the evening. This equates to an average
set temperature of 19.1 �C across eight hours of the day for the
dwellings, and by default a lower temperature for the remaining
period (based on the percentage living room floor area). Given that
the heating is only expected to be active for this one third of the
24 h period, the overall average dwelling temperature during the
winter is calculated within the DEAP software, for the dwellings
under study, as being 17.15 �C (December), 17.05 �C (January)
and 17.08 �C (February). The mean internal winter temperature
is therefore 17.10 �C.

With the exception of nZEB 26 (which had only partial occu-
pancy) no nZEB dwelling recorded a mean temperature below
19.1 �C - rather all the DER nZEB dwellings temperatures are higher
than expected.

This finding of higher temperatures is in line with previous
studies of low energy dwellings, for example [6]. As can be seen
from Fig. 7.2, the 24 h interior temperatures for the living rooms
are significantly higher than the 21 �C set temperature of the DEAP
software.

Similarly Fig. 7.3 shows bedroom temperature significantly
above the DEAP set temperature of 18 �C.

This indicates that there may be an element of ‘‘comfort taking”,
i.e. the superior thermal performance of the nZEB dwellings is per-
Fig. 7.1. Boxplots.
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haps being used to increase thermal comfort rather than reduce
energy consumption. This in itself is not unreasonable as these
temperatures are themselves in line with interior temperature pro-
files of IEQ category I of the 2019 Irish standard I.S. E.N. 167,987
(applicable to occupants with a requirement for high IEQ including
the elderly) [33], which have default internal temperatures of 21 �C
to 25 �C for the heating season.

The high occupant satisfaction survey reported also aligns with
the relevant temperatures in IS EN 16798 Category I - i.e. the
higher temperatures are the desired temperatures.

7.3. Seasonal temperature profiles

7.3.1. Overview
Figs. 7.2 & 7.3 respectively show the available recorded temper-

atures for the eight dwellings in the scheme participating in the
monitoring for each of the four seasons for both the living rooms
and the bedrooms.

Where insufficient data was available to ensure accurate report-
ing, box plots are not presented. For example despite adequate
data being available for the winter and autumn for nZEB 33, insuf-
ficient data was available for the living room in spring and sum-
mer, and this particular data is therefore not presented.

7.3.1.1. Living room temperatures. For all but two of the dwellings
(nZEB 24 and nZEB 33), Fig. 7.2 shows that the living room temper-
atures experienced were above approximately 20 �C for 75% of the
time (apart for spring in nZEB 22).

nZEB 26 is seen to have the highest temperatures, with median
seasonal temperatures of 24.4 �C, 24.7 �C, 25.2 �C and 23.4 �C for
winter through to autumn respectively.

It is worth considering the variety of temperatures recorded
against the occupant satisfaction survey. Fig. 4.1 demonstrates that
the winter temperatures are considered comfortable by the occu-
pant of nZEB 26 (scoring six out of a possible seven) and that there
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is a high degree of satisfaction with the temperatures (scoring
seven out of a possible seven). In the summer, the occupant rated
the comfort and satisfaction scores seven out of a possible 7 in each
case.

In a similar fashion, nZEB 23 is seen to have the second highest
temperatures, with median seasonal temperatures of 21.4 �C,
23.2 �C, 23.5 �C and 22.4 �C for winter through autumn respec-
tively, again with very high comfort and satisfaction survey ratings,
scoring seven for both winter and summer seasons. This indicates
that the dwellings are performing exactly as desired, and con-
trolled, by the occupants.

The lowest temperatures are experienced in nZEB24, with med-
ian winter and spring temperatures of 15.2 �C and 18.8 �C respec-
tively, and a median temperature during autumn of 18 �C. The
range varies considerably more for nZEB24, compared with its
peers (although it is similar to the range experienced in nZEB
33), with 25% readings below 14.4 �C (winter) and below 18 �C
(spring) and below 16.1 �C (autumn). In the specific case of nZEB
24, the winter bedroom carbon dioxide concentrations (Fig. 7.4
indicate that there was only partial occupancy during the monitor-
ing period. Again Figs. 4.1 and 4.2 show very high satisfaction
levels in nZEB 24 for thermal comfort indicating that the dwelling
is performing as required by the occupant.

Similarly low temperature levels were experienced in nZEB 33.
Unfortunately the occupant did not participate in the occupant sat-
isfaction survey and therefore no data is available to reflect what
the level of satisfaction with the relatively low temperatures might
have been.

The range in living room temperatures is seen to be significant
in some cases (for example comparing nZEB 24 and nZEB 33 with
nZEB 26). However, when reading Fig. 7.2 in conjunction with
Figs. 4.1 and 4.2, it is apparent that while the interior temperatures
are high compared with DEAP expectations, the buildings are sta-
ted to be performing in accordance with the occupants wishes.

7.3.1.2. Bedroom temperatures. The box plots for the bedroom tem-
peratures per season (Fig. 7.3 show a similar profile to that experi-
enced for the living rooms. Again nZEB 24 & 33 are seen to have
lower temperatures than their peers, and nZEB 26 has the highest
temperatures.

The median bedroom seasonal temperatures in nZEB 26 are
24.5 �C, 24.2 �C, 24.2 �C and 22.9 �C for winter through to autumn
respectively which are very similar to the living room tempera-
tures discussed in section 6.3.2.

Similarly, the median bedroom temperatures in nZEB 23 are
seen to exhibit a very low range compared with a number of the
other dwellings, and again, relatively high temperatures with the
Fig. 7.4. NZEB 24 Bedroom Temperature, RH and CO2 Concentrations for Winter
2019/2020.
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lowest median temperature being 20.9 �C, experienced in the
winter.

nZEB 25 is also of note for its relatively high temperatures and
having the lowest range of all dwellings, for all seasons. For exam-
ple during the winter, the bedroom temperature did not go below
21.9 �C nor above 22.6 �C. The OSS for nZEB 25 was correspond-
ingly high.

Apart from nZEB 24 (which had relatively low occupancy rates –
Fig. 7.4, all dwellings have median temperatures above 18 �C for all
seasons apart from the 16 �C exhibited in nZEB33 for the autumn.

7.4. Interior temperature profiles compared with DEAP assumptions

7.4.1. Overview
Given the higher than expected overall interior temperatures,

further investigation has been carried out to determine how these
temperatures compared with the temperatures assumed by the
DEAP software.

DEAP assumes that the living room is heated to 21 �C for two
periods i.e. 7 AM to 9 AM and 5 PM to 11 PM, and that the rest
of the dwelling is heated to 18 �C for the same periods. Therefore
the analysis has been carried out for all dwellings for which data
was available:

1. For the two daily heating periods (8 h).
2. Outside of the daily heating periods (16 h).

It was found that the temperatures were significantly different
from those expected during the heating periods, and very impor-
tantly that the temperatures remained high outside of the heating
period. This is a significant finding and reflects high levels of occu-
pancy during the day and a desire for continuous heating, even
during the night time period of 11 PM to 7 AM. In this particular
case study the occupant type (OAP) is predisposed toward requir-
ing higher internal temperatures. However, given that the propor-
tion of aged citizens within Ireland is expected to rise, this has
clear nationwide implications for energy use and carbon emissions.

The disparity of the predicted temperatures versus the actual
temperatures are further explored below, within Fig. 7.5 and
Fig. 7.6. The red lines between 5 PM and 11 PM and between 7
AM and 9 AM indicate the expected heating set temperatures as
determined by DEAP (i.e. 21 �C in the living room, and 18 �C in
the bedroom). For the periods 9 AM to 5 PM and 11 PM to 7 AM,
the heating is assumed not to be operational, with the interior tem-
peratures expected to decline over those periods.

The box plots give the range of temperatures for each dwelling
for the living room (Fig. 7.5 and bedroom (Fig. 7.6 over the winter
period (December 2019 to February 2020) for each of these four
time periods, (two heating periods, and two non-heating periods).
An ‘‘*” indicates an exception to this rule - nZEB 30 and nZEB 31 is
based on data from December 2019 and January 2020 only, and
Fig. 7.5. 2018/2019 Winter living room temperatures.



Fig. 7.6. 2019/2020 Winter bedroom temperatures.
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nZEB 33 has limited and incomplete data (from December 2019
and February 2020 only) and is therefore excluded from some of
the analysis.
7.4.1.1. Livingroom comparisons. Figs. 7.5 presents winter tempera-
tures for December 2019 to February 2020.

The majority of the median temperatures are above that
expected by the DEAP software during the morning heating peri-
ods, and remain high during the DEAP non-heating periods.

The medians of the living room temperatures between 5 PM
and 11 PM are also higher than those expected by the energy rating
software for all of the properties for which data is available apart
from the living room of nZEB 33.

In some cases the temperatures are significantly higher than
those expected. For example between 5PM and 11PM, nZEB 26
and nZEB 30 have median temperatures of 25 �C (4 �C higher-
than-expected) with minimum temperatures in excess of 24 �C
and 23 �C respectively and maximum temperatures of 26 �C and
27 �C.

Outside of the morning and evening heating periods, again
apart from nZEB 33 (which is seen to have the lowest tempera-
ture), the majority of the dwellings continue to exceed 21 �C.
7.4.1.2. Bedroom comparisons. The temperatures experienced in the
bedroom areas over the winter are similar to those experienced in
the living rooms (nZEB 30 and nZEB 31 represent data from
December 2019 and January 2020 only).

As can be seen from Fig. 7.6, all the dwellings experience tem-
peratures during the heating periods which are higher than that
expected by the DEAP software. The DEAP software underesti-
mates the heating setpoint by 2.4 �C (nZEB 31) and 5.2 �C (nZEB30)
between 7 AM and 9 AM and 1.8 �C (nZEB31) and 6.6 �C (nZEB26)
between 5 PM and 11 PM.

Given the relatively small dwelling size and the proximity of the
bedroom to the living room this alignment of temperatures is not
unexpected. However, these temperatures will have a significant
impact on the expected heating consumption, and therefore the
Table 8.1
DEAP calculated and recorded interior temperatures & BER ratings with recorded interior

Dwelling Calculated DEAP Actual Reg Load

id {kWh/m2/a} Rating Cons {kWh/m2/a}

nZEB22 37 A2 97
nZEB23 47 A2 78
nZEB24 33 A2 61
nZEB25 37 A2 51
nZEB26 36 A2 167
nZEB27 65 A3 86
nZEB30 26 A2 87
nZEB33 25 A2 56
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regulated load and metrics upon which the BER is based. Section 8
quantifies this impact.
8. Results - Impact on gross space heating energy consumption
of recorded temperatures and longer than expected heating
periods

8.1. Overview

The higher-than-expected temperatures can potentially have a
significant impact on the energy consumption for the buildings,
due to 2 factors – (i) the higher-than-expected temperatures dur-
ing the heating period and also (ii) the consistently high tempera-
tures during the hours (and months) when DEAP assumes no
heating is taking place. In both respects the DEAP software under-
estimates the actual heating load by significant amounts. This sec-
tion calculates the additional space heat required (excluding
internal heat gains and without considering the COP of the heat
pump).

Table 8.1 shows the primary energy consumption as predicted
and calculated by the DEAP software, in addition to the actual
recorded primary energy used, with the resultant modified BER
band. It also shows the actual energy consumption compared with
the DEAP prediction expressed as a percentage, and the median
dwelling temperature recorded during the winter periods. As pre-
viously stated the DEAP software calculates that the mean temper-
ature during the three winter months in the dwellings as 17.1 �C
(adjusted for the ratio of living room to overall dwelling floor area,
and also adjusted for the expected temperatures outside of the
heating periods).

In all cases, apart from the partly unoccupied nZEB 24 (where
the mean dwelling temperature is 2.1 �C below the expected
dwelling temperature), the temperatures are higher than expected
and also the in-use regulated load energy consumption is higher
than that predicted by the DEAP software.

In the case of nZEB 24, the dwelling temperature of 15.0 �C is
2.1 �C below that expected by DEAP, and yet the recorded energy
consumption is 185% of that expected, (61 kWh/m2/a versus
32.9 kWh/m2/a). Further investigation is needed to determine the
reasons why this might be the case.

Excluding nZEB 24 it is noted that the rest of the recorded mean
dwelling temperatures during the winter season exceed the
adjusted mean interior temperature of 17.1 �C by between 1.3 �C
(nZEB 33) and 6.6 �C (nZEB 26) and that the regulated loads exceed
that predicted by between 132% (nZEB 27) and 462% (nZEB 26).

As an aside, during the summer, the DEAP software calculates
the mean temperature during the three summer months in the
dwellings as 18.48 �C, whereas it in nZEB26 it is seen to go as high
as 24.6 �C.

Given the significance of these findings the next section of this
study examines the possible relationship and impact of the higher
Temps.

Equiv Actual Vs DEAP Mean Dwelling

BER Rating predicted {%} Temp {Winter {C}

B1 262% 20.9
B1 164% 21.2
A3 185% 15.0
A3 139% 21.7
C1 462% 23.7
B1 132% 21.0
B1 329% 20.3
A3 224% 18.4
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than expected temperatures, on the delivered and primary energy
consumption of the dwellings.

8.2. Methodology and assumptions

Simple heat balance equations (Eq (1) and Eq (2)) are used in
this section to estimate the delivered heat QDEAP that is required
to maintain the internal temperatures assumed in the DEAP soft-
ware (Tin,DEAP) and QACTUAL the delivered heat required based on
the actual i.e. recorded internal temperatures (Tin,ACTUAL) in
nZEB26.

QDEAP ¼ L � H � ðTin;DEAP � Text;DEAPÞ ð1Þ

QACTUAL ¼ L � H � ðTin;ACTUAL � Text;DEAPÞ ð2Þ
Text,DEAP is the external mean temperature assumed in DEAP, L is

the (DEAP) heat loss coefficient [W/K], H is the number of heating
hours (24). This calculation is computed on a monthly basis and
the results presented in Fig. 8.7 both for ‘DEAP Space Heat Loss’
(as per Eq (1)) and ‘Actual Space Heat Loss’ (as per Eq (2)). Data
is presented for 12 months of the year (i.e. including June July
August and September, when DEAP assumes no space heating is
required). Table 8.2 provides totals for the heating season and
the full year.

8.3. Results

Fig. 8.7 shows the actual space heat loss (in purple) and the
DEAP-predicted heat losses for the eight months where heating
Fig. 8.7. DEAP-Predicted and ‘Actual’ Heat Loss, nZEB 26.

Table 8.2
Assumed and ‘Actual’ heat loss for the full year and assumed heating season of
October to May for nZEB 26.
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is assumed (in orange) and the four months which DEAP assumes
are outside of the heating season (in pink).

It is seen that by reporting only on the eight months of the heat-
ing season DEAP is ignoring heat loss (ranging from 198kWh to
307kWh) during the summer months. In addition, the actual heat
loss is significantly higher than the predicted heat loss (e.g.
1,216kWh actual heat loss in January compared with a predicted
value of 752kWh).

Table 8.2 calculates the cumulative effect of this underreporting
on the accuracy of the DEAP-reported figs. It is noted that the figs
presented are for total heat loss (i.e. assuming no solar gains or
internal gains).

It is seen that by only including the heat loss for the defined
heating season, the DEAP Heat Loss column indicates that DEAP
is underreporting 21% of the total annual heat loss (based on its
own calculations).

Looking at the row for the October to May heating season, DEAP
would report a heat loss of 4,896 kWh. However, the higher than
expected internal temperatures across the 24 h day results in an
actual heat loss of 8,086 kW hours, 65% higher than expected.

Table 8.2 shows that using this metric of lower predictive tem-
peratures and restricted heating periods, daily and monthly, DEAP
calculates a heat loss of 5,911 kW hours when the actual heat loss
based on the recorded internal temperatures over the full year is
10,446 kW hours, 77% higher.

However, the most striking point from the analysis is that while
DEAP calculates a heat loss of 4,896 kWh (based on its assumed
interior temperatures and eight-month heating season), the actual
heat loss is 10,446 kWh i.e. an additional 5550kWh based on the
recorded interior temperatures and 12 month heating period –
113% higher.

The additional 5550 kWh delivered energy is equivalent to
1,525kWh electrical energy (based on an efficiency of the HP of
3.64). This is equivalent to a specific Primary Energy of 103 kWh/
m2 (PE Conversion factor of 2.08 and 30.77 m2), or four BER bands
(at 25 kWh/m2 per band

Table 8.1 shows that the BER for nZEB26 has a calculated 36
kWh/m2a, while the BER based on the overall recorded energy con-
sumption was 167 kWh/m2a – a difference of 134 kWh/m2a. In this
context the calculated additional specific primary energy of 103
kWh/m2a required to meet the higher than predicted internal tem-
peratures is seen to be highly significant.

In summary, this simplified analysis has found that maintaining
the higher-than-expected temperatures (observed from the moni-
toring study presented in Section 7.4) over the required 12 months
would require approximately twice the amount of energy pre-
dicted by virtue of the inherent assumptions in the DEAP software.

8.4. Impact on energy consumption due to the actual exterior
temperatures compared with the DEAP weather data

It is acknowledged that the DEAP weather data is monothe-
matic and fails to reflect the local variations notable across the
temperate climate of Ireland. Table 8.3 below provides information
on the monthly exterior temperatures assumed by the DEAP soft-
ware, the temperatures actually recorded on site, and the mean
temperatures at the Met Eireann Johnstown Castle site (distance
from monitored site 6.1 km) for the period 2017 to 2020, and the
period 1981 to 2010. Mean monthly temperatures recorded on
the site are presented for the eight months for which heating is
assumed (apart from February and November, for which local data
is not available).

The DEAP software assumes values based on the temperature
recorded at Dublin airport. When compared with the official local
Met office data and also the local data recorded on site, the climate
is seen to be on average 0.7 �C milder across the eight heating



Table 8.3
Met Eireann, Local and DEAP monthly temperatures.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Met Office Mean (2017–2020) 6.5 6.3 6.8 9.0 11.5 14.0 15.8 15.4 13.4 10.8 8.4 7.2
Met Office Mean (1981–2010) 5.9 6 7.1 8.5 11.1 13.7 15.5 15.4 13.6 11 8.2 6.5 10.2
Recorded at Site 7.1 n/a 8.3 9.9 14.9 10.7 n/a 7
DEAP Weather data 5.3 5.5 7 8.3 11 13.5 15.5 15.2 13.3 10.4 7.5 6
(DEAP) - (mean of 2017–2020) �1.2 �0.8 0.2 �0.7 �0.5 �0.4 �0.9 �1.2 �0.7
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months (October to May inclusive) than that predicted by DEAP. In
all cases apart from March, the values used by the DEAP software
are lower than the local temperatures, in some cases by 1.2 �C (Jan-
uary). On average for the three winter months considered in the
calculations above, the external temperatures are 1.0 �C higher
than that assumed by DEAP. An additional 1 �C difference would
equate to an additional 110kWh primary energy consumption dif-
ference for the winter months, or 3.6kWh/m2a, or c. 10% of the PE
reported by the BER.

DEAP also does not take into consideration wind speed and
direction, rainfall and humidity, but does consider solar radiation.
The effect of these variables have not been considered here as part
of the monitoring. However, based on the findings above, it would
appear that the DEAP monthly temperatures may need to be reas-
sessed and realigned with the current temperatures being experi-
enced on a regional basis. Such detail could only improve the
accuracy of the DEAP predictions.

9. Summary and discussion

9.1. Overview

This paper has provided insights based on a post-occupancy
evaluation of 12 DER dwellings, with BER’s which are ostensibly
compliant with the new build near Zero Energy Building (nZEB)
standard which has come into effect in the Republic of Ireland from
January 2021, for all new buildings and significant refurbishments.

The key findings from the analysis include:

1. There is a very high level of perceived comfort and occupant
satisfaction with the dwellings, following the deep energy ret-
rofit project. To this extent they are a significant success.

2. The carbon dioxide concentrations are within acceptable limits
for all dwellings, indicating the efficacy of the demand control
ventilation in accordance with EU’s requirement for adequate
ventilation during nZEB implementation [3].

3. The thermal conditions desired by the elderly occupants are in
line with the expectations of IS EN 167987 [33] (with mean
interior temperatures ranging from 21 �C to 25 �C), significantly
above the DEAP expected values of 17.1 �C (winter) to 18.5 �C
(summer).

4. The energy consumption is higher than the BER rating in all
cases, which appears correlated with notably high indoor tem-
peratures being maintained throughout the 24 h period.

9.2. Findings in relation to DEAP

When the performance of the deep retrofit dwellings is consid-
ered with reference to the national assessment methodology
(DEAP) for calculating the building energy rating, further pertinent
findings include:

1. All of the dwellings are consuming more energy than predicted
by the DEAP software, some by a considerable margin (132% to
462% of the expected energy consumption). This leads to actual
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in-use BER ratings which are worse than the original predicted
BER ratings. This results in only three of the dwellings achieving
an ‘‘in-use” A rating, four dwellings achieving a B1, and one
dwelling achieving a C1 in-use energy rating.

2. The majority of the dwellings record consistently higher tem-
peratures than that expected, with seven of the eight exceeding
the DEAP assumed temperatures by between 1.6 �C and 6.6 �C.

3. Recorded winter and summer interior temperatures are consid-
erably higher than the 17.1 �C (winter) and 18.5 �C (July and
August) DEAP ‘‘adjusted interior temperature” over the 24 hr
period for 7 of the 8 dwellings studied with 24 hr average tem-
peratures ranging from 18.4 �C to 23.7 �C over the winter per-
iod. The exception being the eight dwelling studied which
recorded a median winter temperature of 15.0 �C (with a 50%
occupancy over the recording period).

4. The living room and ‘‘rest of the dwelling” temperatures were
aligned, but not in a manner to reflect the expected DEAP 3 �C
temperature differential between the living room (assumed
set temperature of 21 �C) and the rest of dwelling (assumed
set temperature of 18 �C).

5. The DEAP-assumed two hour heating period in the morning and
six hour heating period in the evening were not reflective of the
typical use of the buildings monitored which maintained high
temperatures throughout the 24 h period.

6. There was evidence of extended heating covering the majority
of the months in the year, while the DEAP assessment for the
BER only reports on heating during an eight-month heating
season.

7. The combination of consistently high temperatures and
extended heating season resulted in heat losses in excess of
twice that expected by the DEAP software.

8. The exterior temperatures assumed by DEAP were marginally
cooler than those actually recorded on site and reported for
an extended period by Met Eireann at the local Johnstown Cas-
tle meteorological station. This would contribute to a lower
than DEAP-predicted energy demand due to the milder external
temperatures in reality.

9.3. Comparison with other studies

When the winter interior temperatures of passive houses (the
majority of which are nZEB compliant) were compared with a sam-
ple of dwellings built to the pre-nZEB standard in recent papers
[6,8,13], it was found that the PH/nZEB temperatures were consis-
tently higher than the dwellings constructed to the previous stan-
dards, and also higher than expected/predicted by the energy
rating software. This experience of increased temperatures &
extended heating periods is common with energy retrofits and
low energy dwellings generally, and is believed to indicate an ele-
ment of ‘‘comfort taking”, i.e. the superior thermal performance of
the dwellings is being used to increase thermal comfort in addition
to reducing energy consumption.

It is noted that a number of the 101 nZEB dwellings monitored
as part of the nZEB101 project are built to the passive house stan-
dard, and that this may also influence the interior temperatures, as
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the PH set temperature is assumed to be 20 �C for 24 h a day, which
is nearer to the average temperatures measured. Also, higher-than-
expected energy consumption and temperatures have been
reported in the research literature, especially in regard to the char-
acteristic known as the rebound effect associated with retrofit
dwellings e.g. [25,43].

On the other hand, and somewhat contrary to this study, the
Hunter et al. [15] study of BER rated (C & B) Irish retrofit dwellings
conducted on data gathered over the 2011/12 and 2012/13 heating
seasons, found that DEAP over-estimated heating schedules by 37%
and indoor room temperatures by 1 �C. Similarly, in another study
of 16 retrofitted Irish dwellings, the recorded temperatures, for
March-May period were, in the majority lower than that expected
by DEAP [16]. Also, the energy performance gap was in the major-
ity, positive - where actual energy consumption is less than theo-
retical or expected consumption.

This is at odds with what has been found to be the case by the
nZEB101 research for both new build and DER properties, and what
might be reasonably expected to happen under the principle of
rebound effect. The discrepancy may be explained by the fact that
the earlier monitoring coincided with an economic recession dur-
ing which time oil prices were high, potentially affecting home-
owners’ heating practices. A recent paper [44] by Dennehy et al.
found that the economic recession was principally responsible
for the sharp fall in residential space-heating energy demand in
Ireland between 2007 and 2012, rather than any energy retrofit
measures.

The reason for the higher-than-expected temperatures reported
in this paper may be due to a number of variables and particular-
ities, including the older age profile of the residents, the relatively
small sizes of the properties, or (given that economic buoyancy
was being experienced in Ireland over the 2019/2020 winter per-
iod), a relatively carefree and perceived low cost comfort taking,
leading to the higher than expected interior temperatures and
energy consumption.

Equally, given that the Coefficient of Performance (COP) of the
HP did not match that expected, then any expectation of efficient
performance will vary considerably. Seasonal Performance Factors
(SPF) are shown to range from 1.23 to 2.02 for the systems anal-
ysed, which is well below the inputted values in the DEAP software
[9]. The 4 kW heat pumps are a large size for the scale of the
homes, and this sizing issue will contribute to the higher-than-
expected energy consumption. Given the high levels of insulation
and geometrically small nature of the retrofit dwellings, heat
pumps of approximately half the capacity, would have sufficed,
or multiple homes could have been provided for by individual
units.
9.4. Implications of findings

It is noted that while the sample size of dwellings is small, nev-
ertheless the dwellings are similarly retrofitted and hence are
directly comparable and represent a useful collective, and commu-
nity scaled scheme. The study is a small portion of what constitutes
a significantly greater sample size which will be reported on as
part of the ongoing nZEB101 project due for completion in 2022.
Furthermore, while the tenant profile in this study is homoge-
neous, further studies within the nZEB101 project would be
expected to reflect different tenant profiles, and usage patterns.

However, of greater importance is the fact that the findings
potentially have significant implications for the assumptions
inherent in the national climate change strategy [45] regarding
future dwelling energy savings.

The analysis indicates that:
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1. The mean interior temperatures assumed by the DEAP software
for the dwellings under study � 17.1 �C (winter) to 18.5 �C
(Summer) are significantly below the recorded dwelling tem-
peratures for the elderly occupants, � 20.3 �C (winter) to
24.6 �C (summer) – save for nZEB 24 due to low occupancy,
and nZEB 33 (possibly due to individual behavioural
considerations).

2. The recorded interior temperatures are in line with the default
values (21 �C to 25 �C) for elderly occupants as advised within
Category I of the European standard IS EN 16798.

3. The mean winter operating temperatures assumed by the DEAP
software are predominantly below the minimum winter tem-
perature of 18 �C which would be required to comply with Cat-
egory III of EN 16798 and are therefore consistent with a
Predicted Percentage of Dissatisfied (PPD) of 15% to 25% associ-
ated with Category IV.

So, it is seen that the DEAP assumptions in regard to the dwell-
ing interior temperatures are not consistent with those required by
the elderly occupants in practice, and that they are significantly
out of step with the international standards required for the elderly
as laid down by IS EN 16798. Given the ageing demographic in Ire-
land, this could lead to a significant underestimation of the energy
consumption of our future housing stock.

In 2017 the Economic and Social Research Institute (ESRI) pro-
jected that by 2030 the population aged 80 or above would
increase by between 89 per cent and 94 per cent [46] and Central
Statistics Office (CSO) figs predict that those aged 65 years and over
will increase significantly from a level of 629,800 in 2016 to poten-
tially nearly 1.6 million by 2051 [47].

This elderly population will be housed in an increasingly large
cohort of low-energy dwellings in line with EPBD requirements.
Based on the case study dwellings the occupants may well take
advantage of the enabling low-energy consumption of the dwell-
ings to avail of consistently high temperatures appropriate to their
demographic profile. The multiplier effect that this alone could
have on the national electrical power grid is worthy of further
examination

By continuing to use the existing national energy rating soft-
ware assumptions with respect to daily eight-hour heating periods,
interior temperatures which are outside of international norms
and eight-month heating seasons, future BER ratings may signifi-
cantly under-report the energy required in our dwellings.
10. Conclusion

This paper presents data based on a post occupancy evaluation
of a scheme of deep energy retrofit (DER) dwellings not only com-
pliant with the EPBD requirements for retrofit but also meet the
more stringent new build Irish nZEB standard. The paper explores
the end user perceptions via an occupant satisfaction survey and
correlates findings with recorded internal temperatures indicators
of ventilation effectiveness. Finally it explores the relationship
between these metrics and the divergence noted between the pre-
dicted and recorded energy consumption of the dwellings.

This study adds to the body of literature reflective of deep retro-
fit buildings in-use – which is essential to informing renovation
practice as Ireland, and Europe, embark on the EU promoted ‘Ren-
ovation Wave’. It supplements the contemporary efficiency-
focused evaluation of homes [48] with broader insights contained
within the occupant responses to their experience of the retrofitted
homes, and the environments they support. Thereby this study
captures the larger social benefits of deep building renovations –
the improvement of living standards for elderly people in social
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housing, as attested to by the high levels of satisfaction reported by
the occupant surveys.

Shallow retrofit strategies often fail to achieve comfortable
internal conditions and indeed some interventions can create fur-
ther occupant dissatisfaction and problems [49]. Although studies
of deep retrofit schemes often report underperformance from an
energy efficiency perspective [50–52] - and this study reports the
same – the key to understanding deep retrofits is to maintain sight
of the link between poor housing and poor health, and to ensure
that this relationship is broken for good. The homes in this study
which are those so-called ‘hard to treat’ [53] homes which are
common in Ireland, and also the UK [54] attest to this broader ben-
efit. Unfortunately the operational performance of the buildings
are reported to deviate significantly from the expected energy
use, attesting to the well-established and researched ‘performance
gap’. The European Renovation Wave continues unabated, but evi-
dence of monitoring studies such as the current study, show that
decarbonising existing housing will not be a particularly easy task.
[51].

The potential reasons and implications for the higher than
expected energy consumption and temperatures are analysed in
this paper. Strong correlation between high internal temperatures
and high energy load is inevitable and clearly evident. In addition,
the heat pump systems are oversized, and are running inefficiently
as a result. Hidden complexities also exist for residents interacting
with the new heating systems [55] with survey responses and
maintenance logs indicating a lack of understanding of or, engage-
ment with, these critical technological aspects.

Important findings thus arise that can inform the national
energy rating assessment procedure, with this study adding to a
growing body of national evidence of persistent performance gaps
[8,16].

An interesting aspect of this study is that it presents further evi-
dence that thermal default values in energy performance certifica-
tion methodologies generally exaggerate the benefits of energy
retrofits [56]. Most obviously findings indicate that the prescribed
heating periods and interior temperatures which were assumed
35 years ago to be adequate and were based on the dwellings
and work/use patterns of that day, need to be revised in order to
more accurately reflect the usage profiles and characteristics of
modern low-energy dwellings and modern living patterns. The
anticipated occupancy pattern within the national dwelling energy
assessment procedure, DEAP, which is designed around the tradi-
tional 9-to-5 working day are out of line with the occupancy pat-
terns associated with increasing work from home [57] and the
occupancy pattern observed in this study. The intermittent heating
patterns defined to suit such a 9-to-5 day do not match with the
more continuous occupancy patterns, particularly of the elderly
and retired, as seen here. Circumstances which will become
increasingly common as the population gradually ages.

Recent EN standards could be used to help inform debate
around the national assessment methodologies. For example the
IS EN 16798 [33] referenced has default values for interior temper-
atures of 20 �C to 25 �C for normal use (category II), and 21 �C to
25 �C for use by category I, such as the elderly. The study appears
to support the validity of these categorisations as they are in line
with the temperatures recorded.

These results can be of relevance to the larger international
audience. Discrepancies between national assessment methodolo-
gies and real energy performance are common and have been
reported for the UK [30,58], Germany [31], Netherlands [32] and
Australia [30].

One potential area of further study which is relevant to all
national assessment methodologies relates to the investigation of
higher than estimated building fabric heat loss. Measurement tech-
niques [59,60] are available which enable the measurement of
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overall heat loss {W/m2K} for comparison with that calculated
within the national energy rating software. This would enable
identifying actionable items for the reduction of the performance
gap, an approach for which a recent paper presents considerable
stakeholder support [61].

This study is undoubtably one of a cloud with a silver lining. The
silver lining reflects the efficacy of retrofit practice in enhancing
the comfort of occupants, and in particular the comfort of elderly
occupants whilst simultaneously achieving significant reductions
in energy consumption. However the cloud on the horizon is one
whereby the performance gaps ensure that the dwellings don’t
reach the high nZEB energy reduction standards that they are
designed to do. The longer heating periods as determined by the
occupants, the higher than designed interior temperatures and
the consequentially longer heating season are seen to have a signif-
icant impact.

This reality cannot be overlooked due to the implications that it
has for overall national carbon emission targets, and the policy
metrics required to ensure that these are achieved.

This study is part of a greater and broader nZEB101 study which
aims to bring further understanding and greater clarity also to
these policy needs.
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