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A B S T R A C T   

Deep energy retrofit can improve historic buildings’ indoor environmental quality and protect them from decay 
and obsolescence while reducing their energy use and related greenhouse gas emissions. Although this practice 
has been growing internationally, in Aotearoa New Zealand there are currently no policies or initiatives to 
encourage energy retrofit in historic buildings and no substantial examples of projects. Most retrofits currently 
focus on much-needed earthquake strengthening, due to high seismic risks and national policies which mandate 
all existing earthquake-prone buildings to be either structurally retrofitted or demolished over the next decades. 
As seismic upgrade projects are widespread, this study explores the potential of applying energy retrofit 
concurrently with seismic strengthening, with a focus on unreinforced masonry (URM) – the main type of 
earthquake-prone historic construction in the country. The research investigates three case studies of listed 
heritage URM buildings using Post-Occupancy Evaluation and simulation. Their current performance was 
investigated, and retrofit scenarios were analysed through energy and hygrothermal simulation, utilising the 
EnerPHit standard as a guide. The energy models demonstrated a potential reduction of up to 92% in heating 
demand when comparing the most comprehensive retrofit scenario with the baseline in the coldest climate. The 
potential energy savings from each intervention were balanced against their heritage impact, based on the 
standard EN16883:2017. The study provides a methodology for balancing several considerations in integrated 
retrofit to make historic buildings more resilient not only to seismic threats, but also to a changing climate, while 
keeping a respectful approach to heritage.   

1. Introduction and background 

The relationship between built heritage and sustainability has been 
highlighted by several initiatives in recent decades, such as the inclusion 
of cultural heritage protection in Sustainable Development Goal 11, 
which recognises its critical role in the achievement of the new hu
manistic and ecological paradigms of sustainable cities [1–3]. Several 
studies have investigated the environmental benefits of reusing existing 
and historic buildings instead of building new constructions, demon
strating the significant potential to reduce embodied carbon emissions 

[4–8]. Moreover, heritage conservation researchers and organisations 
increasingly acknowledge the need to retrofit historic buildings to 
reduce their environmental impact and to adapt to climate change, 
ensuring that heritage sites are safeguarded for future generations 
[9–14]. 

In Aotearoa New Zealand, built heritage plays an important role in 
making history visible in cities and in creating vibrant, diverse, and 
sustainable urban environments. The country possesses a unique 
collection of places of cultural heritage value relating to Māori and more 
recent peoples, a blend of European and Indigenous architectures of 
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distinctive value that have accrued meanings over time [15,16]. The 
adaptation of historic buildings to current and future needs is of high 
importance in New Zealand, as the country has had many examples of 
lost heritage [17,18] due to earthquakes, fire, lack of maintenance, and 
decay related to inadequate indoor environmental conditions and 
neglect. Nowadays, there are additional complexities to the manage
ment of built heritage in the country, as new regulations came into force 
in 2017 for earthquake-prone structures, which set up timeframes for all 
existing buildings to either be retrofitted to minimum structural stan
dards or face demolition [19,20]. Existing buildings need to be 
strengthened to the minimum required New Building Standard (%NBS) 
rating, which is based on an assessment of the expected seismic per
formance relative to the minimum that would apply under the Building 
Code to a new building on the same site with respect to life safety [21]. 
As a result, there are many earthquake strengthening projects taking 
place, especially in Unreinforced Masonry (URM) buildings – a wide
spread historic type of construction identified as one of the most 
vulnerable in the country due to significant seismic risks [22–25]. 
Although timber construction prevails in historic buildings in New 
Zealand, URM buildings remain New Zealand’s most earthquake-prone 
class of building [22,26]. 

However, the other significant challenge for historic buildings is to 
keep high levels of indoor comfort in a changing climatic context while 
minimising energy consumption and respecting heritage values 
[27–33]. In general, historic URM buildings have poor energy perfor
mance and inadequate indoor environmental conditions, due to the 
characteristics of their thermal envelope [34,35]. Lack of insulation, air 
leaks, draughty windows with single glazing, poor ventilation, and 
inadequate heating systems are commonly found in these buildings [28, 
36–38]. Climate change can add additional pressure to historic buildings 
since they will need to withstand more extreme weather conditions and 
still provide liveable indoor conditions without requiring excessive en
ergy input as New Zealand transitions to a low-carbon future [39]. 
Although energy retrofit is not mandatory in current regulations, this 
would be a crucial measure to ensure that URM buildings can continue 
to serve a useful purpose in a low-carbon future and be safeguarded for 
generations to come. So far, energy considerations have not been 
extensively included as parameters in retrofit projects either in existing 
national policies or in practice [40], except for the mandatory upgrade 
of selected residential rental properties [41]. There are very limited data 
on their current energy performance – comprehensive studies have 
investigated energy use in existing commercial buildings [42], but no 
in-depth studies have focussed specifically on such historic buildings. 
Major seismic strengthening works that are currently taking place in 
URM buildings allow access to important elements of the building en
velope that can be improved for better thermal performance, so there is 
now the unique opportunity to include energy retrofitting in these 
projects [39]. 

Internationally, research about the potential benefits of integrating 
energy and seismic retrofit in historic building adaptation has been 
expanding in recent years. The links between energy and seismic ret
rofitting are important for the overall sustainability of built heritage: 
energy efficiency retrofit is useful for structural protection by minimis
ing temperature variations for structural elements [39], while structural 
strengthening prevents the environmental impacts and required energy 
associated with damages, repairs, or reconstruction. 

In Italy, La Greca and Margani [43] reviewed seismic and energy 
renovation measures and pointed out that combined seismic and energy 
retrofit represents a prevention action that is necessary to increase the 
sustainability level of towns, allowing very relevant benefits at envi
ronmental, social, and economic levels. Calvi et al. [44] proposed an 
integrated assessment of energy efficiency and earthquake resilience, 
according to which environmental and seismic impact metrics are 
translated into common financial decision-making variables. Following 
the 2009 earthquakes in Italy, there were proposals to turn the recovery 
process into an opportunity to improve the energy performance of 

historic buildings as part of an integrated energy and seismic retrofit 
approach [45]. The proposed strategies included passive energy retrofit 
actions on building envelopes and structural interventions aimed at 
improving seismic performance, together with the integration or addi
tion of HVAC plant systems powered by renewable energy such as 
photovoltaics [46]. De Berardinis et al. [33] identified suitable energy 
solutions for earthquake-damaged masonry buildings that could 
improve their energy performance by over 50% [35]. More recently, 
Mistretta et al. [47] suggested solutions that consider economic and 
ecological costs of several retrofitting solutions taking into account 
thermal and seismic capacity demand of the construction site in existing 
masonry buildings. 

A few studies have proposed integrated systems for the external 
insulation and structural upgrade of existing buildings [48–50], how
ever there is a need for internal solutions to keep historic façades intact. 
Examples of potential internal seismic-energy upgrading solutions 
include integrated systems utilising cross-laminated timber (CLT) panels 
and Rock wool insulation [51], glass fiber-reinforced polymers rein
forced jacketing [52], and plastering of building using Fabric Reinforced 
Geopolymer Mortar [53]. In general, researchers have identified that 
most building retrofit interventions tend to focus on either energy effi
ciency or seismic resilience techniques, and point out to the need for 
more integration and understanding across both fields [44,48,54,55]. 
Therefore, there is a gap in the knowledge concerning the integration of 
energy and seismic upgrades, not only in New Zealand but also 
internationally. 

Another critical aspect for energy retrofitting historic masonry 
buildings is hygrothermal risk [56]. Several studies have pointed out 
that internal insulation of the envelope results in colder façades and the 
drying potential of walls is reduced, which can lead to mould growth in 
the interface between the interior insulation and the brick wall [57–59]. 

In the New Zealand context, there has been a limited number of 
studies investigating energy and thermal retrofit of listed heritage 
buildings. The first investigations were conducted by the authors of this 
article, who analysed the status quo in the energy retrofit of built heri
tage in New Zealand by first investigating existing policies, current 
challenges, and future opportunities [39,40,60]. Paschoalin and Isaacs 
[61] explored the application of international guidelines in historic 
building retrofit in New Zealand by utilising a case study of a typical 
historic timber-frame house. Quantitative assessments and qualitative 
interviews in the study highlighted both the national and stakeholders’ 
demands for appropriate guidelines for renovation projects that deal 
both with conservation and technical aspects of typical constructions. 
Their study highlighted that adopting country-specific guidelines would 
benefit practice. Due to the limited literature on heritage-listed 
non-residential buildings, some insights can be gained from studies 
focused on retrofitting existing residential buildings. Lloyd et al. [62,63] 
showed the limitations in improving the thermal performance of resi
dential buildings by retrofitting only ceilings and floors – the only up
grades available in a government-sponsored residential energy 
efficiency upgrade programme. They stated that the solution to future 
proof housing will likely need a combination of more intensive fabric 
upgrades with wall insulation and improved glazing, as well as incor
porating improved space heating. Other studies have investigated the 
thermal retrofit of New Zealand’s 1930s–1950s Labour Party State 
Houses [64] and the application of Passive House retrofits to state 
housing built in the 1940s–1960s, demonstrating that it would be 
possible to achieve over 90% savings in heating demand with compre
hensive retrofit packages [65]. 

In summary, in Aotearoa’s context, there is limited literature about 
energy retrofit of heritage listed buildings, there is a knowledge gap on 
energy upgrades of URM construction, and there are no existing studies 
on the integration between energy and seismic retrofit. Internationally, 
few articles presented comprehensive case studies that demonstrate 
holistic approaches to balance energy performance, seismic resilience 
and heritage conservation. Therefore, this study investigates how energy 
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upgrades can be integrated into the seismic retrofit of historic URM 
buildings in New Zealand in a heritage-sensitive way, by utilising case 
study buildings selected in different cities and climate zones. The aims of 
the research are.  

1) To utilise selected case studies to investigate current performance 
and potential energy savings that can be achieved through energy 
retrofit applied in combination with seismic strengthening;  

2) To investigate the relationship between proposed energy retrofit and 
structural upgrading;  

3) To explore the suitability of different materials to be applied when 
considering hygrothermal risks in historic URM buildings; and  

4) To assess the impacts of the proposed interventions on heritage 
fabric, while discussing the need to balance energy performance 
improvements with the safeguarding of existing historic features. 

The study provides a framework that can be replicated to the retrofit 
of other URM buildings in Aotearoa New Zealand and abroad, especially 
in earthquake prone countries which face similar seismic and energy 
upgrading needs. The study proposes steps to move from a “reactive” 
retrofit approach [66] to a proactive one, which considers not only ur
gent issues but also future needs, moving towards positive-energy 
buildings. The main originality of the study sits in its multidisciplinary 
approach that considers energy performance, seismic resilience, and 
heritage conservation aspects in an integrated way to safeguard built 
heritage for future generations. The research also contributes towards 
closing the knowledge gap on energy upgrades of historic URM con
struction in New Zealand. 

2. Methodology 

The research utilised case studies to explore the potential benefits 
and challenges of energy retrofitting historic URM buildings in New 
Zealand, and conducted a Post-Occupancy Evaluation (POE) and simu
lation process including.  

1) Quantitative analyses, i.e., energy consumption data collection, on- 
site temperature measurements, and energy and hygrothermal 
simulation of the case study buildings; and  

2) Qualitative investigations including literature review, archival 
research, visual inspection of buildings, building occupant ques
tionnaires, and a retrofit impact assessment. 

Due to the limitations in existing knowledge about energy retrofit in 
New Zealand, the case studies were of exploratory and illustrative 
character [67]. The use of three case studies allowed the exploration of 
the possibilities of energy retrofit and the evaluation of potential risks 
and benefits in different climatic contexts in New Zealand to a level of 
detail that provided adequate accuracy for the study. The selected 
number of case studies provided a balance between allowing a com
parison between different buildings and climates, and enabling an 
in-depth investigation of each study. The illustrative character of case 
studies focused on demonstrating how energy retrofit projects should be 
proposed and evaluated for URM buildings, taking into account heritage 
conservation and seismic resilience considerations. 

The assessment of case study buildings and proposal of energy 
retrofit scenarios were guided by the European standard EN 16883:2017 
Guidelines for improving the energy performance of historic buildings [68]. 
As this standard does not provide specific methods, targets, or modelling 
parameters for energy retrofit, the study also utilised the EnerPHit 
standard developed by the Passive House Institute [69] as a reference for 
specific technical requirements for the energy retrofit. EnerPHit was 
selected because it provides a reliable, performance-based methodology 
to improve energy performance and thermal comfort in existing build
ings [70–72]. 

The study was structured into the following five main phases.  

1 Literature review investigating URM building stock in New Zealand, 
and current issues and opportunities in integrating energy retrofit 
into seismic upgrade projects. Investigation of current retrofit prac
tices through questionnaires and interviews with professionals 
working in this field. 

2 Selection and analysis of case study buildings, including an assess
ment of technical and historical aspects, as well as energy perfor
mance and indoor environmental quality, guided by EN 16883 [68]. 

3 Hygrothermal simulation to determine suitable materials to be uti
lised in the proposed energy retrofit.  

4 Development of retrofit scenarios through energy simulation, and 
assessing the possibility of achieving the EnerPHit standard accord
ing to the criteria released in 2016 [69], which are still applicable to 
the new version released in 2023 [73].  

5 Assessment of impact of retrofit scenarios on heritage conservation, 
based on EN 16883 [68]. 

Phase 1 has already been presented by the authors in previous 
publications [39,40,74], therefore this article focuses on stages 2–5. 
Sections 2.2 to 2.5 present more details about the methodology applied 
to each stage. 

2.1. Scope and limitations 

Although it utilised a multidisciplinary approach, the main focus of 
this study was on energy performance considerations through address
ing the thermal envelope of buildings, as this is connected to structural 
work that is mandated by New Zealand regulations [19]; this was also 
highlighted as the main gap in existing practice [40]. Other energy 
retrofit strategies, such as upgrading HVAC plant systems, lighting, and 
equipment, were not included in this study. All structural drawings were 
obtained from existing as-built plans or concept design drawings pro
vided by engineers who worked on the projects. The study aims to adapt 
energy retrofit interventions to seismic upgrade techniques that are 
common in New Zealand; therefore, it considered the structural ele
ments as they were built or designed without proposing modifications to 
the systems utilised. Due to the location of case studies in different cities, 
property management restrictions to avoid disruption to building oc
cupants, and covid-related lockdowns, there were limited in-situ mea
surements. Other measurements, such as U-value measurements and 
blower door testing, would have benefitted the study, but were not 
possible due to the reasons mentioned above. Additional assessments, 
such as cost considerations through pay-back time calculations and 
life-cycle analysis, were outside the scope of this research. 

2.2. Selection and analysis of case studies 

To consider the country’s different climatic conditions, one building 
was selected as a case study in each of New Zealand’s three climate 
zones, according to the classification indicated in NZS 4218 [75]. 
Although a recent update to the New Zealand Building Code clause H1 
has provided new classifications with six different climate zones [76], 
the analysis was conducted based on the zones available at the time of 
the study. All buildings selected are of URM and represent a range of 
different typologies, construction techniques, and architectural styles 
typical of the historic URM building stock in New Zealand [22]. Isolated 
or stand-alone typologies were selected as case studies because their 
thermal envelope is more affected by the surrounding climatic condi
tions when compared to attached buildings. 

University buildings were selected as case studies due to the avail
ability of building management systems, accessibility of a wide range of 
data through property management departments, and the similarity of 
building use and occupation patterns amongst these buildings across all 
regions of New Zealand. Other criteria were the availability of occupants 
to participate in questionnaires and the public character of these 
buildings. In addition, universities in New Zealand are ahead of the 
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private sector in terms of seismic strengthening, with many of them 
having policies to complete upgrades beyond minimum requirements 
and well before the deadlines defined by government [77]. However, 
their work on energy upgrading has not been significantly explored, so 
this study can provide an opportunity to investigate this field. 

All case study buildings are or were considered seismically vulner
able by the local Councils – buildings A and B had already been seis
mically strengthened and building C was in the design process for 
seismic upgrading at the time of the study. The seismic strengthening 
strategies are different in all buildings, demonstrating the range of 
possible structural systems currently being utilised in New Zealand. All 
buildings are scheduled in the Heritage New Zealand list, with buildings 
B and C listed as Category 1 (i.e., outstanding historical/cultural value), 
and building A listed as Category 2 (i.e., historical/cultural value). Al
terations to these buildings require approval from local Councils and 
from the national authority Heritage New Zealand Pouhere Taonga, 
since New Zealand’s Heritage Policy relies on centralised and decen
tralised frameworks [39,78]. Table 1 summarises the information about 
the case studies that is relevant to the building simulation and devel
opment of retrofit scenarios further discussed in this paper. 

The designs of the case study buildings reflect different architectural 
styles of the time and the original intended use of the buildings. Case 
study A was originally a house, built with Italianate and ‘arts and crafts’ 
features which were common in residential architecture at the time. 
Buildings B and C were built for university uses and were designed in the 
Gothic Revival style that was prevailing in higher education architecture 
in that period in New Zealand – this style was also common in univer
sities in Australia, Canada, and the United States and is often referred to 
as Collegiate Gothic [79]. 

The three buildings were selected because they share many common 

characteristics. The main current use in all case studies is offices for 
universities, with similar occupation patterns, allowing for a fair com
parison of energy consumption in the three cases. Additional uses, such 
as lecture theatres in building B and laboratories in building C, occupy a 
minor portion of the buildings’ floor areas. Window types are similar in 
all buildings, consisting of single-glazed sash windows with timber 
frames, with similar window module sizes. They also have similar 
window-to-wall-ratios, with an average of 20.9%. All buildings have 
similar wall thicknesses ranging from 510 to 540 mm, but wall build-up 
layers differ amongst the three buildings. Case studies A and C have 
compact building shapes, with simple rectangular building footprints 
and a surface area to volume ratio of 0.81 and 0.49 respectively. Case 
study B presents a more elongated and complex building form, with 
additional façade features, including bay windows; it still achieves a low 
S/V ratio of 0.65 due to being a multi-storey building. Fig. 1 shows 
selected views of the buildings, illustrating the different configurations 
of façades and the similarities in typical indoor spaces and window sizes. 
In building B, walls had already been retrofitted with an internal layer of 
sprayed concrete, and the photo on the right shows the increased depth 
of window reveals resulting from this upgrade. 

Energy auditing and indoor environmental assessments were un
dertaken in each case study building guided by EN 16247–2 Energy 
audits Part 2: Buildings [80], since this standard is recommended by EN 
16883 [81]. This assessment included the following investigations. 

1 Analysis of power bills: collection and analysis of power consump
tion for two years in each building. Evaluation of total energy con
sumption per floor area and comparison between case studies, taking 
into consideration their local climatic conditions. 

Table 1 
Overview of selected case study buildings.   

Case Study A Case Study B Case Study C 

Identification 

City Auckland Wellington Dunedin 
Climate zone (according to NZS 4218:2009) 

Zone 1 Zone 2 Zone 3 
Latitude 37o 41o 46o 

Heating Degree Hours 20 kKh/a 42 kKh/a 57 kKh/a 
Seismic risk area (according to Building Act 2004) Low Risk High Risk Low Risk 
Year of construction 1904 1903–1904 1919–1920 
Main architectural styles Italianate, 

Arts & Crafts 
Gothic Revival, Edwardian Gothic Revival 

Heritage NZ listing Category 2 Category 1 Category 1 
Local council heritage listing Listed, Category B Listed1 Listed1, entire external building envelope 

protected 
Seismic resistance capacity (before strengthening 

works) 
30% NBS2 (Earthquake-prone) Earthquake-prone3 10–15% NBS2 (Earthquake-prone) 

Seismic strengthening status Retrofitted in 2014–2016 Retrofitted in 1990–1993 To be retrofitted (currently at design stage) 
Main seismic strengthening systems Plywood diaphragms with tie 

rods 
Sprayed concrete, steel portal 
frames 

Post-tensioning systems 

Treated floor area 273m2 5078m2 1,161m2 

Number of storeys 2 4 3 
Current use Office spaces Office spaces and lecture theatres Office spaces, lecture theatres, and laboratories 
Window-to-wall ratio (WWR) 18.5% 19.1% 25.1% 
Surface area to volume ratio (S/V) 0.81 0.65 0.49 

Notes: 1 No specific categories for local Council heritage listing. 2Percentage of New Building Standard. 3The NBS rating is not shown because there were different 
regulations at the time this building was strengthened. 
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2 Thermal imaging: obtained in wintertime, from 13th to August 30, 
2019, to maximise temperature difference between interior and 
exterior conditions. Images were taken with an infrared-fusion 
camera with a thermal sensitivity of 0.8 ◦C at 30 ◦C target temp 
(80 mK) and temperature measurement range of − 20 ◦C to +150 ◦C.  

3 Visual inspections: undertaken in winter, to understand building use, 
features, construction, presence or absence of insulation, and to 
detect visible issues such as mould, air gaps, and deterioration of 
materials, among other issues.  

4 Spot temperature measurements: taken in winter at the same date as 
thermal imaging, to assess indoor conditions for thermal comfort and 
differences between various rooms and locations.  

5 Indoor Environmental Quality questionnaire for building occupants: 
based on the thermal environment satisfaction survey from ASHRAE 
55 – Thermal Environmental Conditions for Human Occupancy [82]. 
The questionnaire was offered online to all building occupants via 
the University of Auckland’s Qualtrics platform. 

2.3. Hygrothermal simulation 

To evaluate the hygrothermal performance of the proposed retrofit 
packages, simulation was performed for the interventions that presented 
the highest risks of interstitial condensation. Hygrothermal simulation 
of selected envelope assemblies was developed with WUFI® Pro soft
ware [83], that allowed a realistic calculation of the transient coupled 
one- and two-dimensional heat and moisture transport in walls and 
other multi-layer building components exposed to natural weather. 
WUFI® uses the latest findings regarding vapour diffusion and moisture 
transport in building materials, and the software has been validated by 
detailed comparison with measurements obtained in the laboratory and 
on IBP’s outdoor testing field [83]. 

The most critical intervention identified in this study was the addi
tion of internal wall insulation, even though it is assumed that the 
insulation will be installed following manufacturer’s instructions as 
shown in Fig. 9. Different insulation materials were selected based on a 
literature review of the most suitable type of material for masonry 
construction, considering hygrothermal performance and compatibility 
with historic fabric [28,84–87]. The materials included: calcium silicate 
boards, perlite boards, infill cellulose, mineral wool, and wood fibre. 

High performance vapour check and airtightness membranes were 
included in tests with cellulose, mineral wool, and wood fibre. Wall 
insulation materials were modelled with a thickness of 80 mm in 
buildings A and B, and 100 mm in building C, which have proven suf
ficient to achieve the EnerPHit standard in these buildings, according to 
a sensitivity analysis. 

Simulation was performed for the worst-case orientation scenarios: 
prevailing driving rain and lowest hours of solar exposure. Models were 
simulated for a period of 10 years to evaluate the long-term impacts and 
suitability of retrofit solutions [88]. The results from hygrothermal 
simulation in WUFI® were used to guide the selection of wall insulation 
materials to be utilised in the proposed retrofit scenarios developed 
through energy simulation. Additional 2D hygrothermal simulation of 
specific details, such as midfloor beams protruding through wall insu
lation, could provide additional guidance on hygrothermal risks, but 
were outside the scope of this study. 

2.4. Development of retrofit scenarios through energy simulation 

Following the energy audit and hygrothermal simulation, energy 
retrofit scenarios were proposed for each building to investigate the 
potential savings and benefits from improving the building envelope in 
conjunction with seismic upgrade works. ASHRAE’s Energy Guideline 
for Historic Buildings [89] points out that an energy model can help 
project teams better understand a building’s energy use and estimate 
savings from possible energy efficiency measures. For a historic build
ing, an energy model can also take on the role of evaluating the per
formance of some of its character defining features and to quantify the 
trade-offs for energy efficiency and/or thermal comfort that come 
with preserving a given character defining feature [89]. According to EN 
16883, special attention should be given to the collection of input data, 
since standard values usually provided for calculation models often do 
not take into account the specific conditions in historic buildings. To 
increase the confidence level of the calculated model, the use of a 
validated building calculation model is recommended [68]. Therefore, 
to create a baseline building model, detailed input was gathered from 
original plans and details, in-situ dimension measurements, and visual 
inspections. 

Cumulative retrofit scenarios were developed, ranging from the least 

Fig. 1. External and internal photos of case study buildings A, B, and C.  
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invasive to the most comprehensive upgrades, based on extant literature 
and best practices [28,90–92]. The method for proposing and assessing 
possible interventions was guided by EN 16883 and also by international 
charters for heritage conservation, considering the concepts of minimal 
intervention, compatibility, and reversibility, among others [15,93]. 
The final goal of the retrofit scenarios was to evaluate the possibility of 
achieving EnerPHit certification through the energy demand method in 
a sensible way that considers heritage conservation principles. 

Energy simulation was performed with PHPP version 9.6, the Passive 
House Planning Package, developed by the Passive House Institute. 
PHPP is an integrated tool for stationary energy balance calculations, 
including all energy flows within the system boundary. The programme 
is based on European and international standards (including EN ISO 
13790). Even though PHPP was originally developed for low energy and 
passive houses, it also provides reliable results for old or historic 
buildings. Accurate results can be expected for space heating and cool
ing, primary energy, and domestic hot water and electricity demands 
[28]. The PHPP is continuously validated and refined based on mea
surements and new research results. In 2019, PHPP version 9.6 was 
evaluated using the ANSI/ASHRAE Standard 140, a comparative testing 
method for building energy programmes [94]. 

In addition, selected junctions were modelled in the software 
THERM Version 7.7.10 [95] to obtain thermal bridging psi-values, 
which were then added to PHPP. THERM was developed by Lawrence 
Berkeley National Laboratory (LBNL) and allows two-dimensional con
duction heat-transfer analysis based on the finite-element method [95]. 
Window upgrades were calculated in the software WINDOW Version 
7.7.10, also developed by LBNL for calculations of total window thermal 
performance indices [96]. 

2.4.1. Geometry simplification 
There are often challenges with the intrinsic limitations in simulation 

models when attempting to describe the actual geometric features and 
peculiarities of heritage buildings. A simplified geometry is often 
necessary to meet the requirements of building energy simulation tools, 
but inaccuracies due to oversimplification in some geometrical features 
must be avoided [97]. The selected buildings have many complex 
decorative façade elements, while the PHPP software relies on simplified 
geometries to allow for calculations. Therefore, building geometry had 
to be simplified to simple orthogonal shapes which still provided the 
same areas and properties as the real geometry. For example, arch 
windows had to be modelled as rectangular window shapes while 
keeping the total area of the simplified rectangle equal to the original 
curved shape. Also, the modelled geometry only includes the building 
thermal envelope and, where roof insulation was installed at the ceiling 
level, complex roof geometries did not need to be modelled as they were 
outside of the thermal envelope. 

2.4.2. Thermal envelope properties 
Existing literature acknowledges that in-situ measurements of U- 

values are often appropriate for accurate energy simulation of historic 
buildings, as the thermal properties of historic materials are highly 
variable [98,99]. Standard values from published sources of construc
tion material properties may not accurately describe historic materials; 
however, these sources can serve as a useful starting point for models 
[89]. Since in-situ measurements were not possible in this study due to 
access and equipment limitations, U-values for existing construction 
components were calculated according to ISO 6946 [100]. PHPP was 
used for the calculation, as its spreadsheet for U-value calculation 
complies with ISO 6946. Tabulated values were used for both existing 
and proposed building materials. 

This approach complies with the criteria for EnerPHit certification, 
which states that, if the heat transfer resistance of existing building 
components is taken into account for the improvement of the heat 
transfer coefficients of modernised building components, this must be 
demonstrated in accordance with the accepted technical standards. It is 

sufficient to adopt a conservative approximation of the thermal con
ductivity of the present building materials from suitable reference charts 
[69]. 

Extensive investigations were made to find reference material 
properties amongst New Zealand historic buildings, but very limited 
sources were available. Therefore, tabulated material properties from 
ISO 10456 [101] were adopted for U-value calculations, as these provide 
widely accepted international reference values. Since ISO 10456 does 
not include tabulated values for solid clay brick, other sources were 
consulted for brick thermal properties. These included NZS 4214:2006 
[102], which shows conductivity values for brick ranging from 0.20 
W/mK to 1.20 W/mK, EN 1745 [103], BRE 443:2006 [104], 
Fraunhofer’s library of material properties contained in WUFI, the PHPP 
manual (2015), and an extensive study carried out in Italy by Dondi 
et al. [105], which tested 29 samples of clay brick from Italy and ob
tained a range of different values. A study commissioned by English 
Heritage highlighted that variation in brick texture, density, and struc
ture influence dry thermal conductivity [98]. Considering all the 
different sources and the review of the literature, a thermal conductivity 
of 0.80 W/mK was adopted for solid clay brick masonry in the models. 
BRE 443:2006 [104] states that joints in masonry may be disregarded if 
the difference in thermal resistance between bridging material and the 
bridged material is less than 0.1 m2K/W, a condition that applies to 
almost all brickwork and to most walls built with dense masonry units 
[106]. According to ISO 10456 [101], lime-sand mortar has a similar 
conductivity to bricks; thus, further calculations were not required to 
assess the effect of mortar on the thermal performance of brick masonry. 
A sensitivity analysis was conducted to test the different values pre
sented in the literature and this demonstrated that the range in thermal 
conductivity of the evaluated bricks did not make a significant differ
ence for the final results. The methodology for calculating the thermal 
properties of air layers inside double leaf masonry walls was based on 
values from BS EN ISO 6946:2017 [100]. The air layers inside 
double-leaf walls in the case study buildings were considered unventi
lated layers, according to the criteria in this standard. Construction 
details were drawn by the authors based on archival research of original 
drawings, as well as in-situ measurements and observations. 

2.4.3. Building occupancy 
The model assumed standard occupancy values for office/adminis

tration buildings, according to the default values provided in PHPP. It 
considered the building is occupied from 7am to 6pm, following an 
occupancy pattern based on DIN V 18-599-10:7–2005 [107]. The 
number of occupants was entered according to information provided by 
the building managers. 

2.4.4. Airtightness 
Due to access limitations and possible disruptions to building occu

pants, airtightness was not measured on site through a blower-door test, 
but was instead estimated according to available local literature. Air 
change rates were estimated according to previous measurements of 
New Zealand buildings from the Building Research Association of New 
Zealand (BRANZ) database of more than 100 residential building 
airtightness measurements [108], and were then used to develop a 
classification of house airtightness in four type categories, each char
acterised by a base level infiltration rate. According to this database, all 
pre-1960’s houses with strip flooring and timber windows were 
considered in a category named “draughty”, with an average of 20 ac/h. 
Considering the age of the case study buildings and their construction 
techniques, they all fit into the “draughty” category. A value of 20 ac/h 
was initially utilised in the PHPP models, but results for the baseline 
models were not consistent with measured energy consumption from the 
building. Further analysis identified that there are two main differences 
between the “draughty” buildings from the database and the case 
studies: i) the database consists mainly of timber framed wall con
struction, whereas the case studies have more airtight construction due 
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to masonry walls; and ii) the case studies have more compact building 
shapes (S/V ratios below 0.81) than the database. Internationally, there 
are few examples of blower door test results for historic URM buildings, 
and a similar case study in Europe indicated results around 10 ac/h [28]. 
After a review of literature and sensitivity analysis was conducted, a 
value of 8 ac/h was adopted instead of 20 ac/h, which resulted in better 
correlation between power bills and modelled results. However, we 
highlight that this is a significant limitation in this study. 

2.4.5. Climate data 
Climate data for the three cities was available in PHPP. These climate 

files are based on hourly Typical Meteorological Year (TMY) weather 
data files produced by New Zealand’s National Institute of Water and 
Atmospheric Research (NIWA) [109]. 

2.4.6. Model calibration 
Best practice energy simulation of existing buildings suggests that 

baseline models should be calibrated to actual consumption to ensure 
that the model results are as accurate a reflection of the true perfor
mance of the building as possible. In historic buildings, model calibra
tion is essential [89]. Therefore, calibration was undertaken by 
comparing measured energy consumption over the preceding 12 months 
provided by building administrators with the results from PHPP. TMY 
data was compared with weather files from the National Institute of 
Water and Atmospheric Research (NIWA) for the year of simulation 
[110]. Since no significant discrepancies were found, the default TMY 
was utilised in the energy models. 

2.5. Assessment of retrofit impact on heritage 

To evaluate the suitability of energy retrofit measures, a systematic 
assessment was made not only of technical and economic aspects, but 
also of how the interventions could affect the physical building and its 
heritage significance [68]. The assessment was based on the five-point 
scale and criteria proposed by EN 16883 [68] to which a new cate
gory “integration with seismic strengthening” was introduced to high
light the specific points considered in this study. Certain assessment 
categories proposed by EN 16883 (economic viability, capital costs, and 
returns) were excluded because they were outside the scope of this 
study. 

3. Results and discussion 

Selected results from the study are presented and discussed in the 
sections below, including the assessment of current performance, 
development and simulation of retrofit scenarios, and heritage impact 
assessment. 

3.1. Energy audit and indoor environment assessment 

Power consumption data for each building is shown in Fig. 2, pre
senting the total energy use per square metre of treated floor area for one 

year (August 2018–July 2019). In general, power consumption follows 
the climate conditions where the case studies are located, with the 
building in Dunedin (C) having the highest consumption per square 
metre and the one in Auckland (A) the lowest. 

According to the University of Otago where building C is located, the 
energy consumption in this building is 40% higher than new buildings 
with a similar use in the same institution. This is related to inefficient 
heating systems, lighting, use of portable heaters by occupants (see 
discussion below), and inefficiency of the building envelope. 

Infrared thermal imaging revealed several performance issues in the 
building envelope. Thermography was more effective in building C, as 
the climatic conditions and the heating schedule in the building allowed 
for a better visualisation due to the higher temperature difference be
tween interior and exterior. The main issue was the lack of continuous 
insulation in ceiling spaces, as shown in Fig. 3 for case study C, which led 
to conducting a visual inspection of the roof space. 

Visual inspection was documented with photographs of critical as
pects found in the three buildings. The main findings were related to 
decay, lack of maintenance, modifications, and occupants’ preferences. 
Following the identification of issues in ceiling insulation through 
thermography in case study C, an inspection of roof space revealed that 
insulation was only installed in half of the ceiling space: Fig. 4 (a) shows 
that the areas on the right-hand side remain uninsulated, causing sig
nificant heat losses. Also, air draughts through windows were common 
in all buildings due to lack of maintenance, as per Fig. 4 (b) showing how 
the original sash windows do not close properly and leave a visible gap 
at the bottom in building C. 

To maintain building occupants’ thermal comfort, many portable 
electric heaters were used in office spaces, which were brought from 
home by the occupants (Fig. 5). This practice, found in all case studies, 
clearly indicates that the fixed heating devices installed in the buildings 
are not enough to ensure comfortable conditions in winter. 

Temperature measurements (Table 2) were taken in a selection of 
rooms, on the same winter day as thermal imaging was taken, to un
derstand indoor conditions and variations inside the buildings, as well as 
to inform the calibration of energy models. The same equipment was 
utilised for measurements in all buildings. 

The measurements revealed high variation between rooms as there 
were different heating systems and room layouts in the buildings. It is 
worth mentioning that in building C, wall radiators were not able to 
spread heating through rooms appropriately, resulting in variations of 
up to 3 ◦C even within the same room [111]. 

Following the previous assessments carried out on site, a one-off 
online questionnaire collected data on the overall occupants’ percep
tions regarding thermal comfort, acoustic quality, daylighting, indoor 
air quality, and energy use, among other aspects. Only the results on 
energy and thermal comfort are reported in this study, as these are the 
most relevant to the focus on thermal retrofit strategies. The response 
rates for questionnaires were 10.7% in case study A, 13.1% in case study 
B, and 32% in case study C. Fig. 6 shows the level of satisfaction with 
internal temperatures in summer and winter respectively. 

Overall, there was dissatisfaction with indoor temperatures both in 
winter and in summer. In case study C, located in the coldest climate, 
60% of respondents revealed dissatisfaction in winter. In summer, 
dissatisfaction was also high: 53% of participating building occupants 
were dissatisfied or very dissatisfied with indoor temperatures. In Case 
study A, located in the warmest of the three climate zones, the level of 
dissatisfaction was higher in winter than in summer. Auckland is usually 
known as a “mild climate”, but the lack of insulation, the use of single 
glazing, and the orientation of the building contributed to cold indoor 
temperatures. Although case study B showed higher percentages of 
satisfaction and neutrality regarding indoor temperatures, the open- 
ended questions revealed many issues in the building, due to its con
struction techniques. Table 3 shows selected comments from open- 
ended questions related to indoor comfort in the three case studies. 

The comments revealed that window ventilation is not enough to Fig. 2. Measured energy consumption obtained from power bills.  
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provide acceptable indoor conditions in these buildings. There are 
rooms with small windows where ventilation is ineffective; in addition, 
window ventilation generates significant heat losses in winter. Occu
pants also reported that when it is raining or too windy, opening win
dows becomes impractical. Comments also highlighted significant issues 
about the lack of maintenance that means windows become stuck and 
cannot be opened for summer ventilation. Comments also highlighted 
discomfort related to seating next to single glazed windows, draughts 
from windows, and excessive solar heat gains, as the original windows 
have a high G-value. 

The questionnaire demonstrated that the indoor conditions in these 
historic buildings affect the wellbeing of occupants and their produc
tivity. For instance, an occupant in building C reported falling asleep in 

Fig. 3. Thermal imaging showing gaps in ceiling insulation in the attic space in case study C. Images taken with an infrared-fusion camera with a thermal sensitivity 
of 0.8 ◦C at 30 ◦C target temp (80 mK); date: 13th August 2019. Photo credit: Priscila Besen. 

Fig. 4. Photos of case study C showing key issues. Photo credit: Priscila Besen.  

Fig. 5. Use of personal portable heaters by building occupants in case studies C (a) and A (b). Photo credit: Priscila Besen.  

Table 2 
Spot indoor air temperature measurements in the three case studies in winter – 
Temperature range.   

Case Study A Case Study B Case Study C 

Maximum indoor air 
temperature measured 

21.2 ◦C 22.1 ◦C 22.3 ◦C 

Minimum indoor air 
temperature measured 

16.8 ◦C 17.2 ◦C 16.5 ◦C 

Date of measurements 27th August 
2019 

August 30, 
2019 

13th August 
2019  
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the summer because the building gets too hot, while another said it is 
hard to work in winter because of the low temperatures. One of the 
responses above confirmed the practice of bringing personal heaters to 
offices to compensate for the insufficient heating provided in the 
building. The comments from building occupants reinforce the need for 
improving thermal comfort which would be a result of energy retrofit
ting URM buildings. 

3.2. Development of retrofit scenarios and simulation 

As discussed in the methodology, the study developed retrofit sce
narios by 1) analysing the baseline model; 2) assessing hygrothermal 
risks through simulation; and then 3) developing energy simulation. The 
following sections discuss all these steps and the results obtained. 

3.2.1. Baseline analysis 
The PHPP baseline model allowed an analysis of the main sources of 

heat loss in a building in its current configuration. Fig. 7 shows the 
percentage of heat loss from each building element. 

Ventilation, external walls, and fenestration were found to be the 
main sources of heat losses in the buildings, with some variations be
tween the three buildings due to the building form and construction 
configurations. Ventilation is a high source of heat loss, due to the 
draughts in junctions, windows, and doors. Although contributing to 
solar heat gains, windows undergo high rates of heat losses due to single 
glazing and timber frames providing low levels of insulation. External 

walls are responsible for significant heat loss in the buildings because 
the brick masonry walls remain uninsulated. Roof and ceilings make a 
lower contribution to heat losses in these buildings because these are the 
only portions of the buildings that currently contain thermal insulation. 
This analysis informed the proposal of retrofit scenarios based on the 
current building components that need to be upgraded to reduce heat 
losses. 

Calibration was developed by comparing the baseline model with 
measured energy consumption. The models revealed that, when 
considering a setpoint of 16.5 ◦C – which was found to be the minimum 
temperature through spot measurements (Table 2) – the simulated en
ergy consumption values were in line with measured consumption on 
site. However, to achieve EnerPHit certification and ensure comfortable 
conditions for occupants, a setpoint of 20 ◦C was utilised in the models 
for assessing all retrofit scenarios. 

3.2.2. Proposed retrofit scenarios 
As described in the methodology, cumulative retrofit scenarios were 

developed according to the least invasive to the most invasive works. 
Although external insulation is a preferred solution from a technical 
perspective, in historic buildings the application of internal insulation 
offers a possibility to improve the historic buildings’ energy perfor
mance without compromising the buildings’ architectural appearance 
[112]. Given the historic significance of the external façades of the 
selected case studies and heritage protection restrictions, the proposed 
energy retrofit interventions were located internally. Fig. 8 illustrates 

Fig. 6. Level of satisfaction with indoor temperatures in the case studies in winter and summer.  
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the proposed retrofit packages for the study. 
Retrofit scenario 1 is the baseline, consisting of the original building 

before seismic strengthening or energy retrofit take place. Scenario 2 
contains only the baseline building with seismic upgrades. This was 
modelled in accordance with drawings from engineers for these build
ings, and was considered as a “fixed” factor not to be altered. 

Retrofit scenario 3 includes roof and underfloor insulation, which are 
the most common type of energy upgrade and are generally considered a 

low-cost intervention with minimal visual impact [39]. The type of 
under floor insulation selected is Polyisocyanurate (PIR) boards, due to 
durability when used around crawl spaces and for moisture protection. 
Underfloor insulation installation must provide available access to crawl 
spaces or allow for the temporary removal of timber floors followed by 
reinstatement. Glass wool blankets are already used in the case study 
buildings for roof insulation, and one of the most common insulation 
materials in New Zealand [113]. To keep the same material and avoid 
changes that could result in compatibility issues, and to ensure ease of 
installation, glass wool insulation is added on top of the existing timber 
structure to reduce the effect of thermal bridging and increase the 
thermal resistance of roofs and ceilings. The thickness of insulation is 
determined according to sizes of cavities and sensitivity analysis through 
PHPP models to achieve EnerPHit requirements. 

Retrofit scenario 4 includes window upgrades and airtightness. 
Secondary glazing is generally a less intrusive option than replacement 
of original windows. However, while this type of window upgrade is 
supported by the national heritage authority in New Zealand found in 
these buildings [36], there are few examples of this application in the 
country [39]. High performance windows with timber frames and Low-e 
Argon-filled double glazing are utilised in the retrofit scenarios and are 
installed internally while maintaining original windows on the exterior. 
The selected windows are Passive House certified, and have a slim frame 
profile, minimising the visual impact of this addition. The selected 
windows are openable to the interior to allow for natural ventilation in 
summer. The only exception to window upgrades are the stained glass 
windows in the Council Chamber room in case study B, which already 
has secondary glazing added to the exterior of the original windows for 
decay protection. No further window upgrades are proposed for these 
windows, as they have high historic and architectural value. Airtight
ness is enhanced by adding different materials in the inner layers of the 
building envelope, such as internal lime plaster in walls and plywood 
diaphragms (also part of seismic upgrades in case study A) with tapes to 
ensure airtight junctions in ceilings. 

In retrofit scenario 5, a heat recovery ventilation system with effi
ciency rate above 80% is introduced to provide constant ventilation to 
the building, keep healthy indoor environments, and reduce the heating 
demand by heat recovery. The installation of such a system would rely 
on the careful design of ducting and the placement of the heat exchange 
unit in a way that does not impact the heritage fabric. 

Retrofit scenario 6 is the most comprehensive and includes wall 
insulation. As all façades have heritage significance and protection, in
ternal insulation is proposed (Fig. 9). Cavity insulation would only be 
possible in case study A, due to the suitable size of the air cavity. 
However, due to potential reversibility concerns, internal insulation 
applied to the inner face of walls is the preferred option. As wall 

Table 3 
Selected comments from open-ended questions.   

Case Study A Case Study B Case Study C 

Comments 
about 
summer 
comfort and 
ventilation 

“In summer it is 
necessary to have a 
fan, since the 
windows don’t 
provide enough 
cooling air flow, 
even when wide 
open.” 
“(…) unfortunately, 
some windows have 
been ‘painted shut’, 
or swell in the wet 
weather, and are 
hard to open.” 

“It gets very hot. 
We need to have 
the window open. 
In the top floor, 
the heat from the 
building rises up, 
and we seem to 
get the whole lot.” 
“Last summer our 
office hit 32◦, 
even though we 
had 3 fans going.” 
“(…) opening the 
windows only 
does so much so 
we invested in our 
own personal fans 
(…).” 
“Very poor in 
summer, small 
windows give 
minimal air flow.” 

“I fall asleep 
because it is so 
hot.” 
“In my opinion it is 
far too warm, this 
however might be 
due to the 
preferences of 
other office 
occupants.” 
“It is OK if you can 
open the window, 
but often too windy 
or dusty to do this.” 

Comments 
about 
winter 
comfort and 
heating 
systems 

“The lack of 
insulation makes it 
inefficient in terms 
of heating.” 
“Wall-mounted 
heaters 
automatically shut 
off after certain 
hours. If you’re 
working early/late, 
you need a plug-in 
heater to keep 
warm.” 

“It can get very 
cold – there are 
wall bar heaters 
but some days 
I’ve kept my coat 
on most of the 
day.” 
“When the 
radiators haven’t 
been on, the office 
is frigid. Mondays 
can be terrible, as 
it can take almost 
all day for the 
temperature to go 
up after being off 
over the 
weekend.” 

“It is so, so cold in 
winter, it is hard to 
work in this 
environment.” 
“I am overall still 
happy to be 
working in my 
office, I just need to 
wear many layers 
of clothes.” 
“(…) people bring 
in bar heaters, both 
officially and 
unofficially.”  

Fig. 7. Heat losses (%) in baseline models as calculated by PHPP.  
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insulation is one of the riskiest interventions for moisture management 
in building assemblies, a hygrothermal simulation was run and its re
sults guided the selection of suitable materials. 

Table 4 shows the thermal transmittance of the main building en
velope components for each retrofit scenario, calculated according to 
the methodology presented in section 2.4.2. As the current New Zealand 

Building Code does not specify thermal transmittance values for existing 
buildings, the new U-values were proposed according to the EnerPHit 
standard. Case study C was at the design stage for seismic strengthening 
at the time of the research. The proposed energy upgrades were based on 
the preferred strengthening strategy at the time, which included filling 
the existing wall cavity with lime-based mortar and post-tensioned steel 

Fig. 8. Proposed cumulative retrofit scenarios.  

Fig. 9. Proposed retrofit details for wall constructions: energy-related interventions shown in yellow, seismic-related interventions shown in purple. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Retrofit scenarios, including a summary of average U-values [W/(m2K)] used for each component of the building fabric for the PHPP model.   

Retrofit Scenarios (cumulative) Roof/Ceiling W/ 
(m2K) 

Floor W/ 
(m2K) 

Glazing Ug W/ 
(m2K) 

Walls W/ 
(m2K) 

Air tightness n50 

(h− 1) 
Ventilation and effective heat recovery 
efficiency 

BUILDING A – AUCKLAND 
1 Baseline 0.28 1.88 5.8 1.11 8 Windows only 
2 Seismic strengthening only 0.26 1.88 5.8 1.11 7 Windows only 
3 Scenario 2 + roof and underfloor 

insulation 
0.17 0.31 5.8 1.11 7 Windows only 

4 Scenario 3 + windows upgrade and 
airtightness 

0.17 0.31 1.08 1.11 1 Windows only 

5 Scenario 4 + heat recovery 
ventilation 

0.17 0.31 1.08 1.11 1 Balanced ventilation system with heat 
recovery (eff. 81.7%) 

6 Scenario 5 + wall insulation 0.17 0.31 1.08 0.37 1 Balanced ventilation system with heat 
recovery (eff. 81.7%) 

BUILDING B – WELLINGTON 
1 Baseline 0.52 1.88 5.8 1.08 8 Windows and extractor fans 
2 Seismic strengthening only 0.52 1.88 5.8 1.08 8 Windows and extractor fans 
3 Scenario 2 + roof and underfloor 

insulation 
0.21 0.19 5.8 0.98 8 Windows and extractor fans 

4 Scenario 3 + windows upgrade and 
airtightness 

0.21 0.19 1.08 0.98 1 Windows and extractor fans 

5 Scenario 4 + heat recovery 
ventilation 

0.21 0.19 1.08 0.98 1 Balanced ventilation system with heat 
recovery (eff. 83.8%) 

6 Scenario 5 + wall insulation 0.21 0.19 1.08 0.35 1 Balanced ventilation system with heat 
recovery (eff. 83.8%) 

BUILDING C – DUNEDIN 
1 Baseline 0.299 1.55 5.8 1.88 8 Windows and extractor fans 
2 Seismic strengthening only 0.299 1.55 5.8 1.62 8 Windows and extractor fans 
3 Scenario 2 + roof and underfloor 

insulation 
0.15 0.16 5.8 1.62 1 Windows and extractor fans 

4 Scenario 3 + windows upgrade and 
airtightness 

0.15 0.16 1.08 1.62 1 Windows and extractor fans 

5 Scenario 4 + heat recovery 
ventilation 

0.15 0.16 1.08 1.62 1 Balanced ventilation system with heat 
recovery (eff 83.3%) 

6 Scenario 5 + wall insulation 0.15 0.16 1.08 0.35 1 Balanced ventilation system with heat 
recovery (eff. 83.3%)  

P. Besen and P. Boarin                                                                                                                                                                                                                        



Building and Environment 241 (2023) 110512

12

bars. 
Values shown for building B do not apply to the Council Chamber 

room, as it needed to be carefully assessed for retrofit. This room is a 
triple-height space that is utilised for occasional events. There is sig
nificant original detailing in the timber, walls, and ceilings, and heritage 
significant stained glass windows, which are a memorial for staff and 
students who died in the world wars. These windows had already been 
upgraded with secondary glazing applied to the outside to provide 
protection from decay. The addition of secondary internal glazing and 
wall insulation would have a significant impact on this important space. 
The ceiling and floor of the room could possibly be insulated, if insu
lation could be added to existing cavities (this would be subject to 
confirmation through further investigations such as through the use of 
endoscope cameras). Therefore, given its heritage significance and its 
occasional occupancy pattern, no interventions are proposed for this 
room because any changes could have a significant visual impact. In 
addition, there are no significant requirements from occupants’ comfort 
point of view since it is only used for occasional short meetings and 
gatherings. Fig. 10 shows the location of the Council Chamber room and 
the extent of the building that will be excluded from retrofit in
terventions, as well as an internal view of the configuration of the space 
and the stained-glass memorial windows. 

3.2.3. Hygrothermal simulation results 
As discussed in section 2.3, the potential materials identified for 

internal wall insulation are: 1) calcium silicate boards; 2) perlite boards; 
3) infill cellulose; 4) mineral wool; and 5) wood fibre. These materials 
were assessed through hygrothermal simulation to identify the most 
suitable option to avoid interstitial condensation issues. The impact of 
the addition of wall insulation leads to different results in each building 
due to their different types of construction and the seismic strengthening 
technologies applied. Fig. 11 shows the total water content in the ret
rofitted wall assemblies obtained through WUFI simulation for a period 
of 10 years – a period recommended by best practices to provide a long- 
term evaluation of moisture transfer through the building assembly 
[88]. 

In buildings A and B, calcium silicate boards obtained the best re
sults. Overall, it is predicted that total moisture content will achieve a 
balance and show stable values after the initial period with all the 
proposed material types, while mineral wool, cellulose insulation, and 
wood fibre are unlikely to present satisfactory results. Although vapour 
control membranes were integrated to the wall assemblies in the models 
to help obtain better results, issues are likely to remain. 

Given the hygrothermal evaluation results, calcium silicate boards 
were chosen for internal wall insulation in all case studies. This material 
is commonly known as being a suitable type of capillary active insu
lation. Therefore, the proposed internal wall insulation consists of 80 
mm rigid calcium silicate boards in case studies A and B, and 100 mm in 
case study C. Lime plaster will be applied as a finishing surface, which is 
airtight but vapour permeable, allowing possible moisture build-up from 
the wall to dry towards the interior environment. The insulation mate
rial can be attached to the existing masonry walls with a clay-based 
mortar, which can improve the potential for reversing this 

intervention, if required in the future. 

3.2.4. Energy simulation results 
Fig. 12 shows the results from energy simulation, demonstrating the 

effect of the proposed retrofit scenarios on heating demand, while 

Fig. 10. Case study B: Floor plan and photo showing the Council Chambers room, which will be subject to minimal energy retrofit interventions due to its heritage 
significance. 

Fig. 11. Total water content in wall assembly over time for various internal 
insulation materials. 
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Fig. 13 illustrates the frequency of overheating. The frequency of over
heating was calculated in PHPP and represents the number of hours in a 
year where the indoor temperature exceeds 25 ◦C, considering that these 
buildings would not utilise active cooling. The resulting overheating 
percentage is the number of hours above 25 ◦C divided by the total 
number of hours of occupancy. All results were obtained from PHPP 
models, which included input from thermal bridging calculations 
developed in the software THERM. 

Case study A is located in a low-risk seismic zone and the structural 
upgrades completed previously were minimal and limited to the mid
floor and ceiling. The plywood diaphragms that were added for seismic 
strengthening can be used for airtightness in the proposed energy up
grade. Thus, the air changes per hour were estimated to decrease from 8 
ACH in scenario 1 to 7 ACH in scenario 2. However, to ensure airtight 
construction, all its junctions must be carefully taped. Plywood di
aphragms also contribute to a small reduction in heating demand 
because they help lower the U-value of ceiling constructions. This shows 
that in some cases, seismic retrofit works can also help improve energy 
performance. 

In all case studies, wall insulation has the greatest impact on heating 
demand, reducing it by over a third when compared to the previous 
retrofit scenario (number 5). Airtightness and window upgrading will 
make the second most significant reduction to heating demand, gener
ating a reduction of over half of the previous retrofit scenario when 
considering a value of 1 ACH for the retrofitted building. In all three case 
studies, it would only be possible to achieve the required EnerPHit target 

of 15 kWh/(m2a) in retrofit scenario 6, which is the most comprehensive 
package as it includes wall insulation in addition to all the measures 
from previous scenarios. Overheating is below the limit of 10% required 
by the EnerPHit standard in all scenarios and is significantly lowered by 
window upgrades in case study A, as secondary glazing reduces the G- 
value of windows and related solar heat gains. 

As discussed in section 3.2.4, although no energy retrofit in
terventions are proposed for the Council Chamber room in case study B, 
it was modelled in PHPP as-built and the building would still achieve the 
required heating demand for certification, since the improvements to 
the all other rooms compensate for this uninsulated area. However, the 
windows and walls in this room would not comply with EnerPHit’s 
hygienic criteria and minimum thermal criteria for each component. An 
exemption for this type of situation is possible through the EnerPHit 
criteria for the component method, according to which “heat transfer 
coefficients of the exterior envelope building components may be 
exceeded if absolutely necessary, if required by the historical building 
preservation authorities” [69]. As this is a room with high heritage 
significance and a clear separation from the building, it is arguable that a 
better option could be to exclude it from the thermal envelope and 
ensure the walls and doors in contact with the other parts of the building 
are insulated and airtight. This type of flexibility is needed in order to 
carefully utilise the EnerPHit standard when dealing with historic 
structures. 

Another important point about case study B is that the sprayed 
concrete system used for seismic strengthening in the inner layer of walls 
has already increased wall thickness and window reveal depth signifi
cantly, thus affecting daylighting in the rooms (Fig. 1). So, although wall 
insulation would provide a significant reduction in heating demand, the 
suitability of internal wall insulation for this building is questioned and 
is discussed further in section 3.3. 

In case study C, the structural systems proposed by engineers 
included post-tensioning with steel rods within the wall (in the lime- 
reinforced cavity) or externally. Both systems were tested in PHPP and 
did not generate a significant difference in heating demand results. 
However, from an energy performance perspective, the option using 
external structural elements would be more reliable and less likely to 
cause future moisture-related issues. In this case, steel elements would 
be separated from the thermal envelope, with less interference on the 
wall assembly. 

All buildings would be able to achieve the EnerPHit standard if the 
most comprehensive retrofit scenario (number 6) was implemented 
together with seismic strengthening. The reduction in heating demand 
by applying retrofit scenario 6 when compared to the baseline scenario 
could be up to 92% in building C, 91.6% in building B, and 89.9% in 
building A. However, section 3.3 provides further discussions on the 
potential risks and benefits for the most critical interventions. 

3.3. Assessment of impact on heritage conservation 

According to EN 16883 [68], a systematic assessment of a building 
should be made not only of technical aspects but also of how the in
terventions affect the building physically and its heritage significance. 
The method proposed by the standard is based on a tabular risk-benefit 
scheme to identify the best measures and eliminate inappropriate in
terventions. The assessment should encompass the categories presented 
in the standard, which include technical compatibility, the heritage 
significance of the building and its settings, energy, indoor environ
mental quality, aspects of use, economic viability, and impact on the 
outdoor environment. The last two categories are not included in this 
study as they were outside its scope. However, as the focus of the 
research is on the relationship between energy and seismic upgrades, a 
new category is proposed – the integration of retrofit solutions with 
seismic strengthening. Fig. 14 shows the five-point scale utilised in the 
assessment as proposed by EN 16883 [68], ranging from high risks to 
high benefits. 

Fig. 12. Cumulative retrofit scenarios 1–6: heating demand results for case 
studies A (Auckland), B (Wellington), and C (Dunedin). 

Fig. 13. Cumulative retrofit scenarios 1–6: frequency of overheating (%) re
sults for case studies A, B, and C. 
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Appendix 1 elaborates further on the assessment for each retrofit 
scenario in each case study building. Retrofit scenario 1 is not included 
as it represents the baseline without any interventions proposed and 
therefore does not have any impact on the heritage value. Also, retrofit 
scenario 2 depends on the seismic strengthening strategy defined outside 
the scope of this research. It is assessed based on standard EN 16883, but 
not discussed. 

According to the main international charters for the preservation and 
restoration of buildings and monuments [93], any intervention on a 
historic building, even of a structural nature, must be potentially 
reversible. If new structures are to be integrated within the existing 
building, in the specific case of load-bearing structures, the use of 
dry-assembled technologies is recommended, taking advantage of con
nections that allow the disassembling of the new structures at any time 
[114]. The potential reversibility of certain energy upgrades, such as 
roof insulation utilising glasswool blankets, is more achievable than 
others, such as wall insulation. The reversibility of calcium silicate 
boards utilised as wall insulation depends on how they are attached to 
the wall. In this study, although clay-based mortars are utilised as the 
attachment to the existing walls, it can still not be guaranteed that the 
potential reversibility would be damage-free. 

Based on the assessment, in case study A, wall insulation is identified 
as the intervention that presents the highest risks, while roof and floor 
insulation, followed by window upgrades, present most benefits and 
lower risks. Because most seismic strengthening works were previously 
carried out in the roof and floors, insulation to those areas would have 
the most successful integration with structural upgrades. These areas of 
the building are already subject to interventions for seismic retrofit, 
therefore roof and floor insulation could be easily installed on site. 

In case study B, due to the seismic strengthening with sprayed con
crete, the addition of wall insulation internally would have a negatively 
high visual impact. The 200 mm concrete layer already installed has a 
significant visual impact, especially in window reveals. Thus, adding an 
additional layer of wall insulation would present many negative aspects, 
according to the assessment. Other interventions, such as secondary 
glazing and ventilation systems, would be very beneficial in this build
ing, considering the comments from occupants about inadequate 
ventilation, overheating, and airtightness. 

In case study C, the proposed strengthening system would have a low 
visual impact since new structural elements would be implemented in
side the wall cavity. Therefore, the addition of wall insulation would 
also have a relatively low visual impact, as it only represents an increase 
of 100 mm to wall thickness. Window upgrades represent a strategy with 
the most potential benefits and lower risks in this case study, with high 
improvements to energy performance and occupant comfort and lower 
impacts on heritage fabric. 

4. Conclusions 

The case studies analysed in this research showed possible ways to 
implement deep energy retrofit in conjunction with seismic strength
ening. The energy audit revealed several issues, with building C 
currently using 40% more energy than similar buildings on the same 
campus. A questionnaire given to building occupants revealed dissatis
faction with several factors, including insufficient heating, lack of 
insulation, draughts from windows, and inadequate indoor tempera
tures. In total, 60% of occupants were dissatisfied or very dissatisfied 
with temperatures in winter in building C, 38% in building A, and 14% 
in building B. In summer, dissatisfaction rates were 53% in building C, 
27% in building B. and 33% in building A. 

Retrofit scenarios proposed according to the EnerPHit standard 

showed that a reduction of heating demand of up to 92% in building C, 
91.6% in building B, and 89.9% in building A could be achieved with the 
most comprehensive retrofit package, scenario 6, when compared to the 
baseline. Scenario 6 is the only retrofit package to achieve the EnerPHit 
standard and represents the most comprehensive scenario through its 
inclusion of roof, floor, and wall insulation, as well as upgraded win
dows through secondary glazing, airtightness, and heat recovery venti
lation. Scenario 5, a relatively less invasive package that includes the 
beforementioned upgrades except for wall insulation, is also capable of 
achieving significant savings in heating demand. 

Internal wall insulation was utilised in all retrofit simulations due to 
the significance of historic façades. Amongst materials selected, perlite 
boards and calcium silicate boards achieved good results in hygro
thermal performance, due to their capillary-active properties. The 
assessment of retrofit impact on heritage fabric, according to EN 16883 
[68], showed that the intervention with the most benefits is the upgrade 
of windows with secondary glazing, while the intervention with the 
highest risks is internal wall insulation. 

The study showed that seismic strengthening systems can be 
compatible with energy retrofit options or present adverse effects, 
depending on the structure proposed. Sprayed concrete, for instance, 
can significantly increase wall thickness and hinder the possibility of 
adding additional insulation layers. This example shows how the retrofit 
of URM buildings needs to be carefully considered with a holistic 
approach as addressing only a single demand, such as structural 
upgrading, might lead to problems related to another discipline. Other 
seismic strengthening systems, such as plywood diaphragms introduced 
to ceilings and floors, can help improve airtightness and energy per
formance. The investigations reinforce the idea that integrated retrofit 
solutions need to be designed on a case-by-case basis, considering the 
particularities of each historic building. 

Overall, the study demonstrates that it is possible and advisable to 
improve the building envelope in URM construction concurrently with 
seismic strengthening and achieve significant energy savings by devel
oping tailored solutions for each case. The EnerPHit standard can be a 
useful reference for the development of energy retrofit works, especially 
if applied in conjunction with the methodology proposed by EN 16883. 
In the case of heritage buildings, there are potential problems with the 
application of fixed energy performance targets, and the focus should 
instead be on performance improvement compatible with the safe
guarding of heritage values. The exemptions already available in the 
EnerPHit standard are crucial for the case of historic buildings and could 
be further expanded to allow the complete exclusion of selected building 
areas where no interventions are recommended. 

This methodology for the development and assessment of retrofit 
scenarios can be replicated to other URM buildings in New Zealand and 
other countries with masonry building stocks subject to similar demands 
in terms of seismic risks, indoor environmental quality, and energy ef
ficiency. The application of this method can be limited by cost consid
erations, approvals from heritage authorities, further in-situ testing such 
as blower door test and measurement of U-values, as well as further 
investigations on the constructability of the proposed upgrades, all 
factors that were outside the scope of this study and require further 
research. There is a need for further development of materials and in
tegrated systems that can deliver both thermal insulation and structural 
strengthening at the same time, as well as retrofit constructions with 
lower embodied carbon and reduced environmental impacts. The study 
highlights the need to evolve from reactive to proactive retrofit ap
proaches, moving from addressing urgent issues to creating pathways 
towards positive energy buildings. Overall, the research confirms that 
current seismic upgrade projects can be an opportunity to integrate 
energy improvements in historic URM buildings through sensible in
terventions in the heritage fabric, to ensure that these buildings can 
continue to serve a useful purpose in a post-carbon future. 

Fig. 14. Assessment scale according to EN 16883 (2017).  
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Prestazioni Energetiche Alla Qualità Dell’aria Interna/49◦ AiCARR International 
Conference - Historical and Existing Buildings: Designi, AiCARR, Roma, 2014, 
pp. 759–773. 

[47] F. Mistretta, F. Stochino, M. Sassu, Structural and thermal retrofitting of masonry 
walls: an integrated cost-analysis approach for the Italian context, Build. Environ. 
155 (2019) 127–136, https://doi.org/10.1016/J.BUILDENV.2019.03.033. 

[48] V. Pertile, L. De Stefani, R. Scotta, Development and characterization of a system 
for the seismic and energy retrofit of existing buildings, Procedia Struct. Integr. 
11 (2018) 347–354, https://doi.org/10.1016/J.PROSTR.2018.11.045. 

[49] S. Caprili, F. Del Carlo, G. Salvadori, An enhanced system for the combined 
seismic and energy retrofit of masonry buildings, Procedia Struct. Integr. 44 
(2023) 1030–1037, https://doi.org/10.1016/J.PROSTR.2023.01.133. 

[50] V. Pertile, A. Stella, L. De Stefani, R. Scotta, Seismic and energy integrated 
retrofitting of existing buildings with an innovative ICF-based system: design 
principles and case studies, Sustainability 13 (2021) 9363, https://doi.org/ 
10.3390/SU13169363, 13 (2021) 9363. 

[51] M.R. Valluzzi, E. Saler, A. Vignato, M. Salvalaggio, G. Croatto, G. Dorigatti, 
U. Turrini, Nested buildings: an innovative strategy for the integrated seismic and 
energy retrofit of existing masonry buildings with CLT panels, Sustainability 13 
(2021) 1188, https://doi.org/10.3390/SU13031188, 13 (2021) 1188. 

[52] A. Borri, M. Corradi, R. Sisti, C. Buratti, E. Belloni, E. Moretti, Masonry wall 
panels retrofitted with thermal-insulating GFRP-reinforced jacketing, Materials 
and Structures/Materiaux et Constructions 49 (2016) 3957–3968, https://doi. 
org/10.1617/S11527-015-0766-4/FIGURES/9. 

[53] F. Longo, A. Cascardi, P. Lassandro, M.A. Aiello, Thermal and seismic capacity 
improvements for masonry building heritage: a unified retrofitting system, 
Sustainability 13 (2021) 1111, https://doi.org/10.3390/SU13031111, 13 (2021) 
1111. 

[54] S. Bertagni, P. Boarin, M. Zuppiroli, The dialogue between structural 
interventions and sustainability criteria in rating systems for cultural heritage: the 
experience of GBC historic building, International Journal of Architectural 
Heritage Conservation, Analysis, and Restoration (2018) 1–23, https://doi.org/ 
10.1080/15583058.2018.1511001. 

[55] C. Menna, L. Felicioni, P. Negro, A. Lupí̌sek, E. Romano, A. Prota, P. Hájek, 
Review of methods for the combined assessment of seismic resilience and energy 
efficiency towards sustainable retrofitting of existing European buildings, Sustain. 
Cities Soc. 77 (2022), 103556, https://doi.org/10.1016/J.SCS.2021.103556. 

[56] X. Zhou, D. Derome, J. Carmeliet, Analysis of moisture risk in internally insulated 
masonry walls, Build. Environ. 212 (2022), 108734, https://doi.org/10.1016/J. 
BUILDENV.2021.108734. 

[57] M. Harrestrup, S. Svendsen, Internal insulation applied in heritage multi-storey 
buildings with wooden beams embedded in solid masonry brick façades, Build. 
Environ. 99 (2016) 59–72, https://doi.org/10.1016/j.buildenv.2016.01.019. 

[58] E. Vereecken, L. Van Gelder, H. Janssen, S. Roels, Interior insulation for wall 
retrofitting - a probabilistic analysis of energy savings and hygrothermal risks, 
Energy Build. 89 (2015) 231–244, https://doi.org/10.1016/j. 
enbuild.2014.12.031. 

[59] D. Bottino-Leone, M. Larcher, D. Herrera-Avellanosa, F. Haas, A. Troi, Evaluation 
of natural-based internal insulation systems in historic buildings through a 
holistic approach, Energy 181 (2019) 521–531, https://doi.org/10.1016/J. 
ENERGY.2019.05.139. 

[60] P. Besen, P. Boarin, The future of historic buildings: retrofitting to improve the 
thermal performance of New Zealand architectural heritage, in: G. Passerini, 
N. Marchettini (Eds.), Sustainable Development and Planning 2018, WIT Press, 
Siena, Italy, 2018, pp. 15–28, https://doi.org/10.2495/SDP180021. 

[61] R. Paschoalin, N. Isaacs, Applying international guidelines on historic building’s 
retrofit in New Zealand: a critical context view, Heritage 4 (2021) 3697–3711, 
https://doi.org/10.3390/heritage4040203. 

P. Besen and P. Boarin                                                                                                                                                                                                                        

http://refhub.elsevier.com/S0360-1323(23)00539-5/sref14
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref14
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref14
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref15
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref15
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref16
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref16
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref17
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref17
https://www.heritage.org.nz/places/lost-heritage
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref19
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref19
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref19
https://doi.org/10.1016/j.ijdrr.2020.101644
https://www.building.govt.nz/assets/Uploads/building-code-compliance/b-stability/b1-structure/epb-methodology.pdf
https://www.building.govt.nz/assets/Uploads/building-code-compliance/b-stability/b1-structure/epb-methodology.pdf
https://www.building.govt.nz/assets/Uploads/building-code-compliance/b-stability/b1-structure/epb-methodology.pdf
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref22
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref22
http://canterbury.royalcommission.govt.nz/vwluResources/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_in_the_2010_and_2011_Canterbury_Earthquake_Swarm.pdf/&dollar;file/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_
http://canterbury.royalcommission.govt.nz/vwluResources/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_in_the_2010_and_2011_Canterbury_Earthquake_Swarm.pdf/&dollar;file/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_
http://canterbury.royalcommission.govt.nz/vwluResources/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_in_the_2010_and_2011_Canterbury_Earthquake_Swarm.pdf/&dollar;file/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_
http://canterbury.royalcommission.govt.nz/vwluResources/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_in_the_2010_and_2011_Canterbury_Earthquake_Swarm.pdf/&dollar;file/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_
http://canterbury.royalcommission.govt.nz/vwluResources/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_in_the_2010_and_2011_Canterbury_Earthquake_Swarm.pdf/&dollar;file/ENG.ACA.0001G_Section_7_Performance_of_Unreinforced_Masonry_Buildings_
https://doi.org/10.1080/15583058.2013.840688
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref25
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref25
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref25
https://www.buildmagazine.org.nz/index.php/articles/show/dunedins-earthquake-prone-buildings
https://www.buildmagazine.org.nz/index.php/articles/show/dunedins-earthquake-prone-buildings
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref27
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref27
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref28
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref28
https://doi.org/10.1016/C2013-0-00676-7
https://doi.org/10.1016/j.buildenv.2017.03.010
https://doi.org/10.1016/j.buildenv.2018.02.003
https://doi.org/10.1016/j.buildenv.2018.02.003
https://doi.org/10.1016/J.BUILDENV.2018.08.060
https://doi.org/10.1016/J.BUILDENV.2018.08.060
https://doi.org/10.1016/J.BUILDENV.2021.107959
https://doi.org/10.1016/J.BUILDENV.2021.107959
https://doi.org/10.1016/j.enbuild.2015.07.049
https://doi.org/10.1016/j.enbuild.2014.05.047
https://doi.org/10.1016/j.enbuild.2014.05.047
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref36
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref36
https://doi.org/10.1016/j.energy.2020.117607
https://doi.org/10.1016/j.energy.2020.117607
https://doi.org/10.1108/ss.2011.11029caa.019
https://doi.org/10.1080/17567505.2020.1715597
https://doi.org/10.1080/17567505.2020.1715597
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref40
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref41
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref41
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref41
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref42
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref42
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref42
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref42
https://doi.org/10.3390/su10010254
https://doi.org/10.3390/su10010254
https://doi.org/10.1007/978-3-319-29713-2
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref45
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref45
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref45
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref45
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref45
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref46
https://doi.org/10.1016/J.BUILDENV.2019.03.033
https://doi.org/10.1016/J.PROSTR.2018.11.045
https://doi.org/10.1016/J.PROSTR.2023.01.133
https://doi.org/10.3390/SU13169363
https://doi.org/10.3390/SU13169363
https://doi.org/10.3390/SU13031188
https://doi.org/10.1617/S11527-015-0766-4/FIGURES/9
https://doi.org/10.1617/S11527-015-0766-4/FIGURES/9
https://doi.org/10.3390/SU13031111
https://doi.org/10.1080/15583058.2018.1511001
https://doi.org/10.1080/15583058.2018.1511001
https://doi.org/10.1016/J.SCS.2021.103556
https://doi.org/10.1016/J.BUILDENV.2021.108734
https://doi.org/10.1016/J.BUILDENV.2021.108734
https://doi.org/10.1016/j.buildenv.2016.01.019
https://doi.org/10.1016/j.enbuild.2014.12.031
https://doi.org/10.1016/j.enbuild.2014.12.031
https://doi.org/10.1016/J.ENERGY.2019.05.139
https://doi.org/10.1016/J.ENERGY.2019.05.139
https://doi.org/10.2495/SDP180021
https://doi.org/10.3390/heritage4040203


Building and Environment 241 (2023) 110512

17

[62] C.R. Lloyd, M.F. Callau, T. Bishop, I.J. Smith, The efficacy of an energy efficient 
upgrade program in New Zealand, Energy Build. 40 (2008) 1228–1239, https:// 
doi.org/10.1016/j.enbuild.2007.11.006. 

[63] R. Gronert, Sustainable Thermal Retrofit of the New Zealand 1930’s – 1950’s 
Labour Party State House, Master Thesis, The University of Auckland, 2011. 

[64] R. Gronert, Sustainable Thermal Retrofit of the New Zealand 1930’s – 1950’s 
Labour Party State House, The University of Auckland, 2011. 

[65] P. Leardini, M. Manfredini, M. Callau, Energy upgrade to Passive House standard 
for historic public housing in New Zealand, Energy Build. 95 (2015) 211–218, 
https://doi.org/10.1016/j.enbuild.2015.03.031. 

[66] W. Craft, L. Ding, D. Prasad, L. Partridge, D. Else, Development of a regenerative 
design model for building retrofits, in: Procedia Eng, Elsevier Ltd, 2017, 
pp. 658–668, https://doi.org/10.1016/j.proeng.2017.04.225. 

[67] L. Given, The SAGE Encyclopedia of Qualitative Research Methods, SAGE 
Publications, Inc., Thousand Oaks, USA, 2008, https://doi.org/10.4135/ 
9781412963909. 

[68] European Committee for Standardisation, EN 16883:2017 Conservation of 
Cultural Heritage — Guidelines for Improving the Energy Performance of Historic 
Buildings, 2017. 

[69] Passive House Institute, Criteria for the Passive House, EnerPHit and PHI Low 
Energy Building Standard, 2016. 

[70] F. Rodrigues, M. Parada, R. Vicente, R. Oliveira, A. Alves, High energy efficiency 
retrofits in Portugal, Energy Proc. 83 (2015) 187–196, https://doi.org/10.1016/j. 
egypro.2015.12.209. 

[71] F. Moran, T. Blight, S. Natarajan, A. Shea, The use of Passive House Planning 
Package to reduce energy use and CO2 emissions in historic dwellings, Energy 
Build. 75 (2014) 216–227, https://doi.org/10.1016/j.enbuild.2013.12.043. 

[72] C. Jimenez-Bescos, R. Prewett, Monitoring IAQ and thermal comfort in a 
conservation area low energy retrofit, Energy Proc. 147 (2018) 195–201, https:// 
doi.org/10.1016/j.egypro.2018.07.055. 

[73] Passive House Institute, Criteria for buildings: passive house – EnerPHit – PHI low 
energy building version 10c. www.passivehouse.com, 2023. 

[74] P. Besen, P. Boarin, The future of historic buildings: retrofitting to improve the 
thermal performance of New Zealand architectural heritage, in: G. Passerini, 
N. Marchettini (Eds.), Sustainable Development and Planning 2018, WIT Press, 
Siena, Italy, 2018, pp. 15–28, https://doi.org/10.2495/SDP180021. 

[75] Standards New Zealand, NZS 4218: 2009 Thermal Insulation – Housing and Small 
Buildings, NZS, Wellington, 2009. 

[76] Ministry of Business Innovation and Employment, H1 energy efficiency 
acceptable solution H1/AS1, New Zealand, https://www.building.govt.nz/buil 
ding-code-compliance/h-energy-efficiency/h1-energy-efficiency/, 2022. 
(Accessed 28 May 2023). 

[77] University of Otago, Seismic strengthening policy, policies and regulations. https 
://www.otago.ac.nz/administration/policies/otago038620.html, 2016. 
(Accessed 1 August 2020). 

[78] New Zealand Government, Resource Management Act 1991, 1991. Wellington. 
[79] J.M. Ziolkowski, The Juggler of Notre Dame and the Medievalizing of Modernity - 

Volume 3: the American Middle Ages, Open Book Publishers, 2018. 
[80] European Committee for Standardization, EN 16247-2:2014 Energy Audits Part 2, 

Buildings, 2014. 
[81] European Committee for Standardisation, EN 16883:2017 Conservation of 

cultural heritage — guidelines for improving the energy performance of historic 
buildings. https://shop.bsigroup.com/ProductDetail/?pid=000000000030 
322690, 2017. 

[82] ASHRAE, ANSI/ASHRAE Standard 55-2013 Thermal Environmental Conditions 
for Human Occupancy, Atlanta, USA, 2013 https://doi.org/1041-2336. 

[83] Fraunhofer Institute for Building Physics IBP, What Is WUFI®? WUFI, 2020. htt 
ps://wufi.de/en/software/what-is-wufi/. (Accessed 20 May 2020). 

[84] E. Vereecken, S. Roels, Capillary active interior insulation systems for wall 
retrofitting: a more nuanced story, Int. J. Architect. Herit. 10 (2016) 558–569, 
https://doi.org/10.1080/15583058.2015.1009575. 

[85] E. Vereecken, L. Van Gelder, H. Janssen, S. Roels, Interior insulation for wall 
retrofitting - a probabilistic analysis of energy savings and hygrothermal risks, 
Energy Build. 89 (2015) 231–244, https://doi.org/10.1016/j. 
enbuild.2014.12.031. 

[86] P. Steskens, X. Loncour, S. Roels, E. Vereecken, Interior Insulation of masonry 
walls – assessment and design, in: 2nd Int. Congress on Interior Insulation, 2013, 
pp. 62–69. Dresden, Germany. 

[87] J. Zhao, J. Grunewald, U. Ruisinger, S. Feng, Evaluation of capillary-active 
mineral insulation systems for interior retrofit solution, Build. Environ. 115 
(2017) 215–227, https://doi.org/10.1016/J.BUILDENV.2017.01.004. 

[88] ASHRAE, ANSI/ASHRAE Standard 160-2016, Criteria for Moisture-Control 
Design Analysis in Buildings, Atlanta, USA, 2016. 

[89] ASHRAE, ASHRAE Guideline 34-2019, Energy Guideline for Historic Buildings, 
Atlanta, GA, USA, 2019. 

[90] V. Belpoliti, G. Bizzarri, P. Boarin, M. Calzolari, P. Davoli, A parametric method 
to assess the energy performance of historical urban settlements. Evaluation of 
the current energy performance and simulation of retrofit strategies for an Italian 
case study, J. Cult. Herit. 30 (2018) 155–167, https://doi.org/10.1016/J. 
CULHER.2017.08.009. 

[91] P. De Berardinis, M. Rotilio, C. Marchionni, A. Friedman, Improving the energy- 
efficiency of historic masonry buildings. A case study: a minor centre in the 
Abruzzo region, Italy, Energy Build. 80 (2014) 415–423, https://doi.org/ 
10.1016/j.enbuild.2014.05.047. 

[92] K. Fabbri, L. Tronchin, V. Tarabusi, Energy retrofit and economic evaluation 
priorities applied at an Italian case study, Energy Proc. 45 (2014) 379–384, 
https://doi.org/10.1016/j.egypro.2014.01.041. 

[93] ICOMOS, The Venice Charter 1964, 1964 https://doi.org/1964. 
[94] Passive House Institute, Passive house planning package (PHPP). https://passiveh 

ouse.com/04_phpp/04_phpp.htm, 2019. (Accessed 20 May 2020). 
[95] Lawrence Berkeley National Laboratory, THERM, LBNL - software. https://w 

indows.lbl.gov/software/therm, 2020. (Accessed 26 July 2020). 
[96] Lawrence Berkeley National Laboratory, WINDOW, LBNL - Software, 2020. 

https://windows.lbl.gov/software/window. (Accessed 26 July 2020). 
[97] G.G. Akkurt, N. Aste, J. Borderon, A. Buda, M. Calzolari, D. Chung, V. Costanzo, 

C. Del Pero, G. Evola, H.E. Huerto-Cardenas, F. Leonforte, A. Lo Faro, E. Lucchi, 
L. Marletta, F. Nocera, V. Pracchi, C. Turhan, Dynamic thermal and hygrometric 
simulation of historical buildings: critical factors and possible solutions, Renew. 
Sustain. Energy Rev. 118 (2020), 109509, https://doi.org/10.1016/j. 
rser.2019.109509. 

[98] S. Rhee-Duverne, P. Baker, Research into the Thermal Performance of Traditional 
Brick Walls, 2013. London, UK. 

[99] C. Rye, C. Scott, The SPAB U-Value Report, 2012. London, UK. 
[100] Iso, BS EN ISO 6946:2017 Building Components and Building Elements - Thermal 

Resistance and Thermal Transmittance - Calculation Methods, 2017. 
[101] Iso, BS EN ISO 10456: 2007 Building materials and products: hygrothermal 

properties. Tabulated design values and procedures for determining declared and 
design thermal values. https://doi.org/10.1017/CBO9781107415324.004, 2007. 

[102] Standards New Zealand, NZS 4214: 2006 - Methods of Determining the Total 
Thermal Resistance of Parts of Buildings, 2006. Wellington, New Zealand. 

[103] European Committee for Standardization, BS EN 1745:2012 Masonry and 
Masonry Products-Methods for Determining Thermal Properties, 2012. 

[104] B. Anderson, BRE 443:2006 Conventions for U-value calculations, Watford, UK, 
https://www.bre.co.uk/filelibrary/pdf/rpts/BR_443_(2006_Edition).pdf, 2006. 

[105] M. Dondi, F. Mazzanti, P. Principi, M. Raimondo, G. Zanarini, Thermal 
conductivity of clay bricks, Journal of Materials in Civil Engineering, American 
Society of Civil Engineers (2004) 8–14, https://doi.org/10.1061/(ASCE)0899- 
1561(2004)16:3(287). 

[106] B. Anderson, BRE 443:2006 Conventions for U-Value Calculations, 2006. 
Watford, UK. 

[107] Deutsches Institut für Normung, DIN V 18-599-10:7-2005: Energy Efficiency of 
Buildings - Calculation of the Net, Final and Primary Energy Demand for Heating, 
Cooling, Ventilation, Domestic Hot Water and Lighting, 2005. Germany. 

[108] M. Bassett, Naturally ventilated houses in New Zealand − simplified air 
infiltration prediction, in: CIB World Building Congress 2001, 2001. Wellington, 
New Zealand. 

[109] J.E. Quinn, Affordable certified climate files - process used in New Zealand, in: 
South Pacific Passive House Conference 2015, Passive House Institute New 
Zealand, Auckland, New Zealand, 2015. 

[110] National Institute of Water and Atmospheric Research (NIWA), Obtaining Climate 
Data from NIWA, NIWA, 2019. https://niwa.co.nz/climate/our-services/obtaini 
ng-climate-data-from-niwa. (Accessed 1 July 2020). 

[111] World Health Organisation, Health Impact of Low Indoor Temperatures, Report 
on a WHO meeting., Copenhagen, Denmark, 1987. 

[112] E.J. de P. Hansen, K.B. Wittchen, Energy savings due to internal façade insulation 
in historic buildings, in: T. Brostrom, L. Nilsen (Eds.), EEHB2018 3rd 
International Conference on Energy Efficiency in Historic Buildings, Visby, 
Sweden, 2018, pp. 22–31. 

[113] BRANZ, Building research association of New Zealand, insulation: LEVEL - the 
authority on sustainable building. https://www.level.org.nz/fileadmin/download 
s/Materials/LevelMInsul.pdf, 2020. (Accessed 25 May 2023). 

[114] S. Bertagni, P. Boarin, M. Zuppiroli, The dialogue between structural 
interventions and sustainability criteria in rating systems for cultural heritage: the 
experience of GBC historic building, International Journal of Architectural 
Heritage Conservation, Analysis, and Restoration (2018) 1–23, https://doi.org/ 
10.1080/15583058.2018.1511001. 

P. Besen and P. Boarin                                                                                                                                                                                                                        

https://doi.org/10.1016/j.enbuild.2007.11.006
https://doi.org/10.1016/j.enbuild.2007.11.006
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref63
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref63
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref64
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref64
https://doi.org/10.1016/j.enbuild.2015.03.031
https://doi.org/10.1016/j.proeng.2017.04.225
https://doi.org/10.4135/9781412963909
https://doi.org/10.4135/9781412963909
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref68
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref68
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref68
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref69
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref69
https://doi.org/10.1016/j.egypro.2015.12.209
https://doi.org/10.1016/j.egypro.2015.12.209
https://doi.org/10.1016/j.enbuild.2013.12.043
https://doi.org/10.1016/j.egypro.2018.07.055
https://doi.org/10.1016/j.egypro.2018.07.055
http://www.passivehouse.com
https://doi.org/10.2495/SDP180021
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref75
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref75
https://www.building.govt.nz/building-code-compliance/h-energy-efficiency/h1-energy-efficiency/
https://www.building.govt.nz/building-code-compliance/h-energy-efficiency/h1-energy-efficiency/
https://www.otago.ac.nz/administration/policies/otago038620.html
https://www.otago.ac.nz/administration/policies/otago038620.html
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref78
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref79
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref79
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref80
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref80
https://shop.bsigroup.com/ProductDetail/?pid=000000000030322690
https://shop.bsigroup.com/ProductDetail/?pid=000000000030322690
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref82
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref82
https://wufi.de/en/software/what-is-wufi/
https://wufi.de/en/software/what-is-wufi/
https://doi.org/10.1080/15583058.2015.1009575
https://doi.org/10.1016/j.enbuild.2014.12.031
https://doi.org/10.1016/j.enbuild.2014.12.031
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref86
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref86
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref86
https://doi.org/10.1016/J.BUILDENV.2017.01.004
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref88
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref88
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref89
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref89
https://doi.org/10.1016/J.CULHER.2017.08.009
https://doi.org/10.1016/J.CULHER.2017.08.009
https://doi.org/10.1016/j.enbuild.2014.05.047
https://doi.org/10.1016/j.enbuild.2014.05.047
https://doi.org/10.1016/j.egypro.2014.01.041
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref93
https://passivehouse.com/04_phpp/04_phpp.htm
https://passivehouse.com/04_phpp/04_phpp.htm
https://windows.lbl.gov/software/therm
https://windows.lbl.gov/software/therm
https://windows.lbl.gov/software/window
https://doi.org/10.1016/j.rser.2019.109509
https://doi.org/10.1016/j.rser.2019.109509
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref98
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref98
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref99
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref100
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref100
https://doi.org/10.1017/CBO9781107415324.004
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref102
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref102
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref103
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref103
https://www.bre.co.uk/filelibrary/pdf/rpts/BR_443_(2006_Edition).pdf
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:3(287)
https://doi.org/10.1061/(ASCE)0899-1561(2004)16:3(287)
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref106
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref106
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref107
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref107
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref107
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref108
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref108
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref108
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref109
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref109
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref109
https://niwa.co.nz/climate/our-services/obtaining-climate-data-from-niwa
https://niwa.co.nz/climate/our-services/obtaining-climate-data-from-niwa
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref111
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref111
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref112
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref112
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref112
http://refhub.elsevier.com/S0360-1323(23)00539-5/sref112
https://www.level.org.nz/fileadmin/downloads/Materials/LevelMInsul.pdf
https://www.level.org.nz/fileadmin/downloads/Materials/LevelMInsul.pdf
https://doi.org/10.1080/15583058.2018.1511001
https://doi.org/10.1080/15583058.2018.1511001

	Integrating energy retrofit with seismic upgrades to future-proof built heritage: Case studies of unreinforced masonry buil ...
	1 Introduction and background
	2 Methodology
	2.1 Scope and limitations
	2.2 Selection and analysis of case studies
	2.3 Hygrothermal simulation
	2.4 Development of retrofit scenarios through energy simulation
	2.4.1 Geometry simplification
	2.4.2 Thermal envelope properties
	2.4.3 Building occupancy
	2.4.4 Airtightness
	2.4.5 Climate data
	2.4.6 Model calibration

	2.5 Assessment of retrofit impact on heritage

	3 Results and discussion
	3.1 Energy audit and indoor environment assessment
	3.2 Development of retrofit scenarios and simulation
	3.2.1 Baseline analysis
	3.2.2 Proposed retrofit scenarios
	3.2.3 Hygrothermal simulation results
	3.2.4 Energy simulation results

	3.3 Assessment of impact on heritage conservation

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Assessment of impacts based on EN16883:2017
	References


