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Abstract – Deep energy retrofit can improve historic buildings’ indoor environmental quality and 13 

protect them from decay and obsolescence while reducing their energy use and related greenhouse gas 14 

emissions. Although this practice has been growing internationally, in Aotearoa New Zealand there are 15 

currently no policies or initiatives to encourage energy retrofit in historic buildings and no substantial 16 

examples of projects. Most retrofits currently focus on much-needed earthquake strengthening, due to 17 

high seismic risks and national policies which mandate all existing earthquake-prone buildings to be 18 

either structurally retrofitted or demolished over the next decades. As seismic upgrade projects are 19 

widespread, this study explores the potential of applying energy retrofit concurrently with seismic 20 

strengthening, with a focus on unreinforced masonry (URM) – the main type of earthquake-prone 21 

historic construction in the country. The research investigates three case studies of listed heritage URM 22 

buildings using Post-Occupancy Evaluation and simulation. Their current performance was 23 

investigated, and retrofit scenarios were analysed through energy and hygrothermal simulation, utilising 24 

the EnerPHit standard as a guide. The energy models demonstrated a potential reduction of up to 92% 25 

in heating demand when comparing the most comprehensive retrofit scenario with the baseline in the 26 

coldest climate. The potential energy savings from each intervention were balanced against their 27 

heritage impact, based on the standard EN16883:2017. The study provides a methodology for balancing 28 

several considerations in integrated retrofit to make historic buildings more resilient not only to seismic 29 

threats, but also to a changing climate, while keeping a respectful approach to heritage. 30 

 31 

Keywords: energy retrofit; unreinforced masonry buildings; integrated retrofit; seismic 32 

strengthening; heritage adaptation; New Zealand heritage.   33 
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1 Introduction and background 34 

The relationship between built heritage and sustainability has been highlighted by several 35 

initiatives in recent decades, such as the inclusion of cultural heritage protection in Sustainable 36 

Development Goal 11, which recognises its critical role in the achievement of the new humanistic and 37 

ecological paradigms of sustainable cities [1–3]. Several studies have investigated the environmental 38 

benefits of reusing existing and historic buildings instead of building new constructions, demonstrating 39 

the significant potential to reduce embodied carbon emissions [4–8]. Moreover, heritage conservation 40 

researchers and organisations increasingly acknowledge the need to retrofit historic buildings to reduce 41 

their environmental impact and to adapt to climate change, ensuring that heritage sites are safeguarded 42 

for future generations [9–14]. 43 

In Aotearoa New Zealand, built heritage plays an important role in making history visible in cities 44 

and in creating vibrant, diverse, and sustainable urban environments. The country possesses a unique 45 

collection of places of cultural heritage value relating to Māori and more recent peoples, a blend of 46 

European and Indigenous architectures of distinctive value that have accrued meanings over time 47 

[15,16]. The adaptation of historic buildings to current and future needs is of high importance in New 48 

Zealand, as the country has had many examples of lost heritage [17,18] due to earthquakes, fire, lack of 49 

maintenance, and decay related to inadequate indoor environmental conditions and neglect. Nowadays, 50 

there are additional complexities to the management of built heritage in the country, as new regulations 51 

came into force in 2017 for earthquake-prone structures, which set up timeframes for all existing 52 

buildings to either be retrofitted to minimum structural standards or face demolition [19,20]. Existing 53 

buildings need to be strengthened to the minimum required New Building Standard (%NBS) rating, 54 

which is based on an assessment of the expected seismic performance relative to the minimum that 55 

would apply under the Building Code to a new building on the same site with respect to life safety [21]. 56 

As a result, there are many earthquake strengthening projects taking place, especially in Unreinforced 57 

Masonry (URM) buildings – a widespread historic type of construction identified as one of the most 58 

vulnerable in the country due to significant seismic risks [22–25]. Although timber construction prevails 59 
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in historic buildings in New Zealand, URM buildings remain New Zealand’s most earthquake-prone 60 

class of building [22,26]. 61 

However, the other significant challenge for historic buildings is to keep high levels of indoor 62 

comfort in a changing climatic context while minimising energy consumption and respecting heritage 63 

values [27–33]. In general, historic URM buildings have poor energy performance and inadequate 64 

indoor environmental conditions, due to the characteristics of their thermal envelope [34,35]. Lack of 65 

insulation, air leaks, draughty windows with single glazing, poor ventilation, and inadequate heating 66 

systems are commonly found in these buildings [28,36–38]. Climate change can add additional pressure 67 

to historic buildings since they will need to withstand more extreme weather conditions and still provide 68 

liveable indoor conditions without requiring excessive energy input as New Zealand transitions to a 69 

low-carbon future [39]. Although energy retrofit is not mandatory in current regulations, this would be 70 

a crucial measure to ensure that URM buildings can continue to serve a useful purpose in a low-carbon 71 

future and be safeguarded for generations to come. So far, energy considerations have not been 72 

extensively included as parameters in retrofit projects either in existing national policies or in practice 73 

[40], except for the mandatory upgrade of selected residential rental properties [41]. There are very 74 

limited data on their current energy performance – comprehensive studies have investigated energy use 75 

in existing commercial buildings [42], but no in-depth studies have focussed specifically on such 76 

historic buildings. Major seismic strengthening works that are currently taking place in URM buildings 77 

allow access to important elements of the building envelope that can be improved for better thermal 78 

performance, so there is now the unique opportunity to include energy retrofitting in these projects [39].  79 

Internationally, research about the potential benefits of integrating energy and seismic retrofit in 80 

historic building adaptation has been expanding in recent years. The links between energy and seismic 81 

retrofitting are important for the overall sustainability of built heritage: energy efficiency retrofit is 82 

useful for structural protection by minimising temperature variations for structural elements [39], while 83 

structural strengthening prevents the environmental impacts and required energy associated with 84 

damages, repairs, or reconstruction.  85 
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In Italy, La Greca and Margani [43] reviewed seismic and energy renovation measures and pointed 86 

out that combined seismic and energy retrofit represents a prevention action that is necessary to increase 87 

the sustainability level of towns, allowing very relevant benefits at environmental, social, and economic 88 

levels. Calvi et al. [44] proposed an integrated assessment of energy efficiency and earthquake 89 

resilience, according to which environmental and seismic impact metrics are translated into common 90 

financial decision-making variables. Following the 2009 earthquakes in Italy, there were proposals to 91 

turn the recovery process into an opportunity to improve the energy performance of historic buildings 92 

as part of an integrated energy and seismic retrofit approach [45]. The proposed strategies included 93 

passive energy retrofit actions on building envelopes and structural interventions aimed at improving 94 

seismic performance, together with the integration or addition of HVAC plant systems powered by 95 

renewable energy such as photovoltaics [46]. De Berardinis et al. [33] identified suitable energy 96 

solutions for earthquake-damaged masonry buildings that could improve their energy performance by 97 

over 50% [35].  More recently, Mistretta et al. [47] suggested solutions that consider economic and 98 

ecological costs of several retrofitting solutions taking into account thermal and seismic capacity 99 

demand of the construction site in existing masonry buildings.  100 

A few studies have proposed integrated systems for the external insulation and structural upgrade 101 

of existing buildings [48–50], however there is a need for internal solutions to keep historic façades 102 

intact. Examples of potential internal seismic-energy upgrading solutions include integrated systems 103 

utilising cross-laminated timber (CLT) panels and Rock wool insulation [51], glass fiber-reinforced 104 

polymers reinforced jacketing [52], and plastering of building using Fabric Reinforced Geopolymer 105 

Mortar [53]. In general, researchers have identified that most building retrofit interventions tend to 106 

focus on either energy efficiency or seismic resilience techniques, and point out to the need for more 107 

integration and understanding across both fields [44,48,54,55]. Therefore, there is a gap in the 108 

knowledge concerning the integration of energy and seismic upgrades, not only in New Zealand but 109 

also internationally. 110 

Another critical aspect for energy retrofitting historic masonry buildings is hygrothermal risk [56]. 111 

Several studies have pointed out that internal insulation of the envelope results in colder façades and 112 
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the drying potential of walls is reduced, which can lead to mould growth in the interface between the 113 

interior insulation and the brick wall [57–59].  114 

In the New Zealand context, there has been a limited number of studies investigating energy and 115 

thermal retrofit of listed heritage buildings. The first investigations were conducted by the authors of 116 

this article, who analysed the status quo in the energy retrofit of built heritage in New Zealand by first 117 

investigating existing policies, current challenges, and future opportunities [39,40,60]. Paschoalin and 118 

Isaacs [61] explored the application of international guidelines in historic building retrofit in New 119 

Zealand by utilising a case study of a typical historic timber-frame house. Quantitative assessments and 120 

qualitative interviews in the study highlighted both the national and stakeholders’ demands for 121 

appropriate guidelines for renovation projects that deal both with conservation and technical aspects of 122 

typical constructions. Their study highlighted that adopting country-specific guidelines would benefit 123 

practice. Due to the limited literature on heritage-listed non-residential buildings, some insights can be 124 

gained from studies focused on retrofitting existing residential buildings. Lloyd et al. [62,63] showed 125 

the limitations in improving the thermal performance of residential buildings by retrofitting only 126 

ceilings and floors – the only upgrades available in a government-sponsored residential energy 127 

efficiency upgrade programme. They stated that the solution to future proof housing will likely need a 128 

combination of more intensive fabric upgrades with wall insulation and improved glazing, as well as 129 

incorporating improved space heating. Other studies have investigated the thermal retrofit of New 130 

Zealand’s 1930s – 1950s Labour Party State Houses [64] and the application of Passive House retrofits 131 

to state housing built in the 1940s – 1960s, demonstrating that it would be possible to achieve over 90% 132 

savings in heating demand with comprehensive retrofit packages [65].  133 

In summary, in Aotearoa’s context, there is limited literature about energy retrofit of heritage listed 134 

buildings, there is a knowledge gap on energy upgrades of URM construction, and there are no existing 135 

studies on the integration between energy and seismic retrofit. Internationally, few articles presented 136 

comprehensive case studies that demonstrate holistic approaches to balance energy performance, 137 

seismic resilience and heritage conservation. Therefore, this study investigates how energy upgrades 138 

can be integrated into the seismic retrofit of historic URM buildings in New Zealand in a heritage-139 
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sensitive way, by utilising case study buildings selected in different cities and climate zones. The aims 140 

of the research are:  141 

1) To utilise selected case studies to investigate current performance and potential energy savings that 142 

can be achieved through energy retrofit applied in combination with seismic strengthening;  143 

2) To investigate the relationship between proposed energy retrofit and structural upgrading;  144 

3) To explore the suitability of different materials to be applied when considering hygrothermal risks 145 

in historic URM buildings; and  146 

4) To assess the impacts of the proposed interventions on heritage fabric, while discussing the need 147 

to balance energy performance improvements with the safeguarding of existing historic features.  148 

The study provides a framework that can be replicated to the retrofit of other URM buildings in 149 

Aotearoa New Zealand and abroad, especially in earthquake prone countries which face similar seismic 150 

and energy upgrading needs. The study proposes steps to move from a “reactive” retrofit approach [66]  151 

to a proactive one, which considers not only urgent issues but also future needs, moving towards 152 

positive-energy buildings. The main originality of the study sits in its multidisciplinary approach that 153 

considers energy performance, seismic resilience, and heritage conservation aspects in an integrated 154 

way to safeguard built heritage for future generations. The research also contributes towards closing the 155 

knowledge gap on energy upgrades of historic URM construction in New Zealand. 156 

2 Methodology 157 

The research utilised case studies to explore the potential benefits and challenges of energy 158 

retrofitting historic URM buildings in New Zealand, and conducted a Post-Occupancy Evaluation 159 

(POE) and simulation process including:  160 

1) Quantitative analyses, i.e., energy consumption data collection, on-site temperature measurements, 161 

and energy and hygrothermal simulation of the case study buildings; and  162 

2) Qualitative investigations including literature review, archival research, visual inspection of 163 

buildings, building occupant questionnaires, and a retrofit impact assessment.  164 
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Due to the limitations in existing knowledge about energy retrofit in New Zealand, the case studies 165 

were of exploratory and illustrative character [67]. The use of three case studies allowed the exploration 166 

of the possibilities of energy retrofit and the evaluation of potential risks and benefits in different 167 

climatic contexts in New Zealand to a level of detail that provided adequate accuracy for the study. The 168 

selected number of case studies provided a balance between allowing a comparison between different 169 

buildings and climates, and enabling an in-depth investigation of each study. The illustrative character 170 

of case studies focused on demonstrating how energy retrofit projects should be proposed and evaluated 171 

for URM buildings, taking into account heritage conservation and seismic resilience considerations. 172 

The assessment of case study buildings and proposal of energy retrofit scenarios were guided by 173 

the European standard EN 16883:2017 Guidelines for improving the energy performance of historic 174 

buildings [68]. As this standard does not provide specific methods, targets, or modelling parameters for 175 

energy retrofit, the study also utilised the EnerPHit standard developed by the Passive House Institute 176 

[69] as a reference for specific technical requirements for the energy retrofit. EnerPHit was selected 177 

because it provides a reliable, performance-based methodology to improve energy performance and 178 

thermal comfort in existing buildings [70–72].  179 

The study was structured into the following five main phases:  180 

1) Literature review investigating URM building stock in New Zealand, and current issues and 181 

opportunities in integrating energy retrofit into seismic upgrade projects. Investigation of current 182 

retrofit practices through questionnaires and interviews with professionals working in this field. 183 

2) Selection and analysis of case study buildings, including an assessment of technical and historical 184 

aspects, as well as energy performance and indoor environmental quality, guided by EN 16883 185 

[68]. 186 

3) Hygrothermal simulation to determine suitable materials to be utilised in the proposed energy 187 

retrofit. 188 

4) Development of retrofit scenarios through energy simulation, and assessing the possibility of 189 

achieving the EnerPHit standard according to the criteria released in 2016 [69], which are still 190 

applicable to the new version released in 2023 [73] 191 
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5) Assessment of impact of retrofit scenarios on heritage conservation, based on EN 16883 [68]. 192 

Phase 1 has already been presented by the authors in previous publications [39,40,74], therefore 193 

this article focuses on stages 2-5. Sections 2.2 to 2.5 present more details about the methodology applied 194 

to each stage. 195 

2.1 Scope and limitations 196 

Although it utilised a multidisciplinary approach, the main focus of this study was on energy 197 

performance considerations through addressing the thermal envelope of buildings, as this is connected 198 

to structural work that is mandated by New Zealand regulations [19]; this was also highlighted as the 199 

main gap in existing practice [40]. Other energy retrofit strategies, such as upgrading HVAC plant 200 

systems, lighting, and equipment, were not included in this study. All structural drawings were obtained 201 

from existing as-built plans or concept design drawings provided by engineers who worked on the 202 

projects. The study aims to adapt energy retrofit interventions to seismic upgrade techniques that are 203 

common in New Zealand; therefore, it considered the structural elements as they were built or designed 204 

without proposing modifications to the systems utilised. Due to the location of case studies in different 205 

cities, property management restrictions to avoid disruption to building occupants, and covid-related 206 

lockdowns, there were limited in-situ measurements. Other measurements, such as U-value 207 

measurements and blower door testing, would have benefitted the study, but were not possible due to 208 

the reasons mentioned above. Additional assessments, such as cost considerations through pay-back 209 

time calculations and life-cycle analysis, were outside the scope of this research. 210 

2.2 Selection and analysis of case studies  211 

To consider the country’s different climatic conditions, one building was selected as a case study 212 

in each of New Zealand’s three climate zones, according to the classification indicated in NZS 4218 213 

[75]. Although a recent update to the New Zealand Building Code clause H1 has provided new 214 

classifications with six different climate zones [76], the analysis was conducted based on the zones 215 

available at the time of the study. All buildings selected are of URM and represent a range of different 216 

typologies, construction techniques, and architectural styles typical of the historic URM building stock 217 
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in New Zealand [22]. Isolated or stand-alone typologies were selected as case studies because their 218 

thermal envelope is more affected by the surrounding climatic conditions when compared to attached 219 

buildings. 220 

University buildings were selected as case studies due to the availability of building management 221 

systems, accessibility of a wide range of data through property management departments, and the 222 

similarity of building use and occupation patterns amongst these buildings across all regions of New 223 

Zealand. Other criteria were the availability of occupants to participate in questionnaires and the public 224 

character of these buildings. In addition, universities in New Zealand are ahead of the private sector in 225 

terms of seismic strengthening, with many of them having policies to complete upgrades beyond 226 

minimum requirements and well before the deadlines defined by government [77]. However, their work 227 

on energy upgrading has not been significantly explored, so this study can provide an opportunity to 228 

investigate this field. 229 

All case study buildings are or were considered seismically vulnerable by the local Councils –  230 

buildings A and B had already been seismically strengthened and building C was in the design process 231 

for seismic upgrading at the time of the study. The seismic strengthening strategies are different in all 232 

buildings, demonstrating the range of possible structural systems currently being utilised in New 233 

Zealand. All buildings are scheduled in the Heritage New Zealand list, with buildings B and C listed as 234 

Category 1 (i.e., outstanding historical/cultural value), and building A listed as Category 2 (i.e., 235 

historical/cultural value). Alterations to these buildings require approval from local Councils and from 236 

the national authority Heritage New Zealand Pouhere Taonga, since New Zealand’s Heritage Policy 237 

relies on centralised and decentralised frameworks [39,78]. Table 1 summarises the information about 238 

the case studies that is relevant to the building simulation and development of retrofit scenarios further 239 

discussed in this paper. 240 

Table 1 – Overview of selected case study buildings. 241 

 Case Study A Case Study B Case Study C 
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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. 

 242 

The designs of the case study buildings reflect different architectural styles of the time and the 243 

original intended use of the buildings. Case study A was originally a house, built with Italianate and 244 
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‘arts and crafts’ features which were common in residential architecture at the time. Buildings B and C 245 

were built for university uses and were designed in the Gothic Revival style that was prevailing in 246 

higher education architecture in that period in New Zealand – this style was also common in universities 247 

in Australia, Canada, and the United States and is often referred to as Collegiate Gothic [79]. 248 

The three buildings were selected because they share many common characteristics. The main 249 

current use in all case studies is offices for universities, with similar occupation patterns, allowing for 250 

a fair comparison of energy consumption in the three cases. Additional uses, such as lecture theatres in 251 

building B and laboratories in building C, occupy a minor portion of the buildings’ floor areas. Window 252 

types are similar in all buildings, consisting of single-glazed sash windows with timber frames, with 253 

similar window module sizes. They also have similar window-to-wall-ratios, with an average of 20.9%. 254 

All buildings have similar wall thicknesses ranging from 510-540 mm, but wall build-up layers differ 255 

amongst the three buildings. Case studies A and C have compact building shapes, with simple 256 

rectangular building footprints and a surface area to volume ratio of 0.81 and 0.49 respectively. Case 257 

study B presents a more elongated and complex building form, with additional façade features, 258 

including bay windows; it still achieves a low S/V ratio of 0.65 due to being a multi-storey building. 259 

Figure 1 shows selected views of the buildings, illustrating the different configurations of façades and 260 

the similarities in typical indoor spaces and window sizes. In building B, walls had already been 261 

retrofitted with an internal layer of sprayed concrete, and the photo on the right shows the increased 262 

depth of window reveals resulting from this upgrade. 263 
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 264 

Figure 1 – External and internal photos of case study buildings A, B, and C. 265 

Energy auditing and indoor environmental assessments were undertaken in each case study 266 

building guided by EN 16247-2 Energy audits Part 2: Buildings [80], since this standard is 267 

recommended by EN 16883 [81]. This assessment included the following investigations: 268 

1) Analysis of power bills: collection and analysis of power consumption for two years in each 269 

building. Evaluation of total energy consumption per floor area and comparison between case 270 

studies, taking into consideration their local climatic conditions. 271 

2) Thermal imaging: obtained in wintertime, from 13th to 30th August 2019, to maximise temperature 272 

difference between interior and exterior conditions. Images were taken with an infrared-fusion 273 

camera with a thermal sensitivity of 0.8 °C at 30 °C target temp (80 mK) and temperature 274 

measurement range of -20 °C to +150 °C. 275 

3) Visual inspections: undertaken in winter, to understand building use, features, construction, 276 

presence or absence of insulation, and to detect visible issues such as mould, air gaps, and 277 

deterioration of materials, among other issues. 278 
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4) Spot temperature measurements: taken in winter at the same date as thermal imaging, to assess 279 

indoor conditions for thermal comfort and differences between various rooms and locations. 280 

5) Indoor Environmental Quality questionnaire for building occupants: based on the thermal 281 

environment satisfaction survey from ASHRAE 55 – Thermal Environmental Conditions for 282 

Human Occupancy [82]. The questionnaire was offered online to all building occupants via the 283 

University of Auckland’s Qualtrics platform. 284 

2.3 Hygrothermal simulation 285 

To evaluate the hygrothermal performance of the proposed retrofit packages, simulation was 286 

performed for the interventions that presented the highest risks of interstitial condensation. 287 

Hygrothermal simulation of selected envelope assemblies was developed with WUFI® Pro software  288 

[83], that allowed a realistic calculation of the transient coupled one- and two-dimensional heat and 289 

moisture transport in walls and other multi-layer building components exposed to natural weather. 290 

WUFI® uses the latest findings regarding vapour diffusion and moisture transport in building materials, 291 

and the software has been validated by detailed comparison with measurements obtained in the 292 

laboratory and on IBP’s outdoor testing field [83]. 293 

The most critical intervention identified in this study was the addition of internal wall insulation, 294 

even though it is assumed that the insulation will be installed following manufacturer's instructions as 295 

shown in Figure 9. Different insulation materials were selected based on a literature review of the most 296 

suitable type of material for masonry construction, considering hygrothermal performance and 297 

compatibility with historic fabric [28,84–87]. The materials included: calcium silicate boards, perlite 298 

boards, infill cellulose, mineral wool, and wood fibre. High performance vapour check and airtightness 299 

membranes were included in tests with cellulose, mineral wool, and wood fibre. Wall insulation 300 

materials were modelled with a thickness of 80 mm in buildings A and B, and 100 mm in building C, 301 

which have proven sufficient to achieve the EnerPHit standard in these buildings, according to a 302 

sensitivity analysis. 303 

Simulation was performed for the worst-case orientation scenarios: prevailing driving rain and 304 

lowest hours of solar exposure. Models were simulated for a period of 10 years to evaluate the long-305 
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term impacts and suitability of retrofit solutions [88]. The results from hygrothermal simulation in 306 

WUFI® were used to guide the selection of wall insulation materials to be utilised in the proposed 307 

retrofit scenarios developed through energy simulation. Additional 2D hygrothermal simulation of 308 

specific details, such as midfloor beams protruding through wall insulation, could provide additional 309 

guidance on hygrothermal risks, but were outside the scope of this study. 310 

2.4 Development of retrofit scenarios through energy simulation 311 

Following the energy audit and hygrothermal simulation, energy retrofit scenarios were proposed 312 

for each building to investigate the potential savings and benefits from improving the building envelope 313 

in conjunction with seismic upgrade works. ASHRAE’s Energy Guideline for Historic Buildings [89] 314 

points out that an energy model can help project teams better understand a building’s energy use and 315 

estimate savings from possible energy efficiency measures. For a historic building, an energy model 316 

can also take on the role of evaluating the performance of some of its character defining features and to 317 

quantify the trade-offs for energy efficiency and/or thermal comfort that come with preserving a given 318 

character defining feature [89]. According to EN 16883, special attention should be given to the 319 

collection of input data, since standard values usually provided for calculation models often do not take 320 

into account the specific conditions in historic buildings. To increase the confidence level of the 321 

calculated model, the use of a validated building calculation model is recommended [68]. Therefore, to 322 

create a baseline building model, detailed input was gathered from original plans and details, in-situ 323 

dimension measurements, and visual inspections. 324 

Cumulative retrofit scenarios were developed, ranging from the least invasive to the most 325 

comprehensive upgrades, based on extant literature and best practices [28,90–92]. The method for 326 

proposing and assessing possible interventions was guided by EN 16883 and also by international 327 

charters for heritage conservation, considering the concepts of minimal intervention, compatibility, and 328 

reversibility, among others [15,93]. The final goal of the retrofit scenarios was to evaluate the possibility 329 

of achieving EnerPHit certification through the energy demand method in a sensible way that considers 330 

heritage conservation principles. 331 
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Energy simulation was performed with PHPP version 9.6, the Passive House Planning Package, 332 

developed by the Passive House Institute. PHPP is an integrated tool for stationary energy balance 333 

calculations, including all energy flows within the system boundary. The programme is based on 334 

European and international standards (including EN ISO 13790). Even though PHPP was originally 335 

developed for low energy and passive houses, it also provides reliable results for old or historic 336 

buildings. Accurate results can be expected for space heating and cooling, primary energy, and domestic 337 

hot water and electricity demands [28]. The PHPP is continuously validated and refined based on 338 

measurements and new research results. In 2019, PHPP version 9.6 was evaluated using the 339 

ANSI/ASHRAE Standard 140, a comparative testing method for building energy programmes [94].  340 

In addition, selected junctions were modelled in the software THERM Version 7.7.10 [95] to 341 

obtain thermal bridging psi-values, which were then added to PHPP. THERM was developed by 342 

Lawrence Berkeley National Laboratory (LBNL) and allows two-dimensional conduction heat-transfer 343 

analysis based on the finite-element method [95]. Window upgrades were calculated in the software 344 

WINDOW Version 7.7.10, also developed by LBNL for calculations of total window thermal 345 

performance indices [96]. 346 

 Geometry simplification  347 

There are often challenges with the intrinsic limitations in simulation models when attempting to 348 

describe the actual geometric features and peculiarities of heritage buildings. A simplified geometry is 349 

often necessary to meet the requirements of building energy simulation tools, but inaccuracies due to 350 

oversimplification in some geometrical features must be avoided [97]. The selected buildings have 351 

many complex decorative façade elements, while the PHPP software relies on simplified geometries to 352 

allow for calculations. Therefore, building geometry had to be simplified to simple orthogonal shapes 353 

which still provided the same areas and properties as the real geometry. For example, arch windows 354 

had to be modelled as rectangular window shapes while keeping the total area of the simplified rectangle 355 

equal to the original curved shape. Also, the modelled geometry only includes the building thermal 356 

envelope and, where roof insulation was installed at the ceiling level, complex roof geometries did not 357 

need to be modelled as they were outside of the thermal envelope. 358 

Jo
urn

al 
Pre-

pro
of



17 

 

 Thermal envelope properties 359 

Existing literature acknowledges that in-situ measurements of U-values are often appropriate for 360 

accurate energy simulation of historic buildings, as the thermal properties of historic materials are 361 

highly variable [98,99]. Standard values from published sources of construction material properties may 362 

not accurately describe historic materials; however, these sources can serve as a useful starting point 363 

for models [89]. Since in-situ measurements were not possible in this study due to access and equipment 364 

limitations, U-values for existing construction components were calculated according to ISO 6946 365 

[100]. PHPP was used for the calculation, as its spreadsheet for U-value calculation complies with ISO 366 

6946. Tabulated values were used for both existing and proposed building materials.  367 

This approach complies with the criteria for EnerPHit certification, which states that, if the heat 368 

transfer resistance of existing building components is taken into account for the improvement of the 369 

heat transfer coefficients of modernised building components, this must be demonstrated in accordance 370 

with the accepted technical standards. It is sufficient to adopt a conservative approximation of the 371 

thermal conductivity of the present building materials from suitable reference charts [69]. 372 

Extensive investigations were made to find reference material properties amongst New Zealand 373 

historic buildings, but very limited sources were available. Therefore, tabulated material properties from 374 

ISO 10456 [101] were adopted for U-value calculations, as these provide widely accepted international 375 

reference values. Since ISO 10456 does not include tabulated values for solid clay brick, other sources 376 

were consulted for brick thermal properties. These included NZS 4214:2006 [102], which shows 377 

conductivity values for brick ranging from 0.20 W/mK to 1.20 W/mK, EN 1745 [103], BRE 443:2006 378 

[104], Fraunhofer’s library of material properties contained in WUFI, the PHPP manual (2015), and an 379 

extensive study carried out in Italy by Dondi et al. [105], which tested 29 samples of clay brick from 380 

Italy and obtained a range of different values. A study commissioned by English Heritage highlighted 381 

that variation in brick texture, density, and structure influence dry thermal conductivity [98]. 382 

Considering all the different sources and the review of the literature, a thermal conductivity of 0.80 383 

W/mK was adopted for solid clay brick masonry in the models. BRE 443:2006 [104] states that joints 384 

in masonry may be disregarded if the difference in thermal resistance between bridging material and 385 
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the bridged material is less than 0.1 m2K/W, a condition that applies to almost all brickwork and to most 386 

walls built with dense masonry units [106]. According to ISO 10456 [101], lime-sand mortar has a 387 

similar conductivity to bricks; thus, further calculations were not required to assess the effect of mortar 388 

on the thermal performance of brick masonry. A sensitivity analysis was conducted to test the different 389 

values presented in the literature and this demonstrated that the range in thermal conductivity of the 390 

evaluated bricks did not make a significant difference for the final results. The methodology for 391 

calculating the thermal properties of air layers inside double leaf masonry walls was based on values 392 

from BS EN ISO 6946:2017 [100]. The air layers inside double-leaf walls in the case study buildings 393 

were considered unventilated layers, according to the criteria in this standard. Construction details were 394 

drawn by the authors based on archival research of original drawings, as well as in-situ measurements 395 

and observations. 396 

 Building occupancy 397 

The model assumed standard occupancy values for office/administration buildings, according to 398 

the default values provided in PHPP. It considered the building is occupied from 7am to 6pm, following 399 

an occupancy pattern based on DIN V 18-599-10:7-2005 [107]. The number of occupants was entered 400 

according to information provided by the building managers. 401 

 Airtightness 402 

Due to access limitations and possible disruptions to building occupants, airtightness was not 403 

measured on site through a blower-door test, but was instead estimated according to available local 404 

literature. Air change rates were estimated according to previous measurements of New Zealand 405 

buildings from the Building Research Association of New Zealand (BRANZ) database of more than 406 

100 residential building airtightness measurements [108], and were then used to develop a classification 407 

of house airtightness in four type categories, each characterised by a base level infiltration rate. 408 

According to this database, all pre-1960’s houses with strip flooring and timber windows were 409 

considered in a category named “draughty”, with an average of 20 ac/h. Considering the age of the case 410 

study buildings and their construction techniques, they all fit into the “draughty” category. A value of 411 

20 ac/h was initially utilised in the PHPP models, but results for the baseline models were not consistent 412 
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with measured energy consumption from the building. Further analysis identified that there are two 413 

main differences between the “draughty” buildings from the database and the case studies: i) the 414 

database consists mainly of timber framed wall construction, whereas the case studies have more 415 

airtight construction due to masonry walls; and ii) the case studies have more compact building shapes 416 

(S/V ratios below 0.81) than the database. Internationally, there are few examples of blower door test 417 

results for historic URM buildings, and a similar case study in Europe indicated results around 10 ac/h 418 

[28]. After a review of literature and sensitivity analysis was conducted, a value of 8 ac/h was adopted 419 

instead of 20 ac/h, which resulted in better correlation between power bills and modelled results. 420 

However, we highlight that this is a significant limitation in this study. 421 

 Climate data 422 

Climate data for the three cities was available in PHPP. These climate files are based on hourly 423 

Typical Meteorological Year (TMY) weather data files produced by New Zealand's National Institute 424 

of Water and Atmospheric Research (NIWA) [109]. 425 

 Model calibration 426 

Best practice energy simulation of existing buildings suggests that baseline models should be 427 

calibrated to actual consumption to ensure that the model results are as accurate a reflection of the true 428 

performance of the building as possible. In historic buildings, model calibration is essential [89]. 429 

Therefore, calibration was undertaken by comparing measured energy consumption over the preceding 430 

12 months provided by building administrators with the results from PHPP. TMY data was compared 431 

with weather files from the National Institute of Water and Atmospheric Research (NIWA) for the year 432 

of simulation [110]. Since no significant discrepancies were found, the default TMY was utilised in the 433 

energy models. 434 

2.5 Assessment of retrofit impact on heritage 435 

To evaluate the suitability of energy retrofit measures, a systematic assessment was made not only 436 

of technical and economic aspects, but also of how the interventions could affect the physical building 437 

and its heritage significance [68]. The assessment was based on the five-point scale and criteria 438 
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proposed by EN 16883 [68] to which a new category “integration with seismic strengthening” was 439 

introduced to highlight the specific points considered in this study. Certain assessment categories 440 

proposed by EN 16883 (economic viability, capital costs, and returns) were excluded because they were 441 

outside the scope of this study. 442 

3 Results and discussion 443 

Selected results from the study are presented and discussed in the sections below, including the 444 

assessment of current performance, development and simulation of retrofit scenarios, and heritage 445 

impact assessment. 446 

3.1 Energy audit and indoor environment assessment 447 

Power consumption data for each building is shown in Figure 2, presenting the total energy use 448 

per square metre of treated floor area for one year (August 2018 - July 2019). In general, power 449 

consumption follows the climate conditions where the case studies are located, with the building in 450 

Dunedin (C) having the highest consumption per square metre and the one in Auckland (A) the lowest. 451 

 452 

Figure 2 – Measured energy consumption obtained from power bills. 453 

According to the University of Otago where building C is located, the energy consumption in this 454 

building is 40% higher than new buildings with a similar use in the same institution. This is related to 455 
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inefficient heating systems, lighting, use of portable heaters by occupants (see discussion below), and 456 

inefficiency of the building envelope.  457 

Infrared thermal imaging revealed several performance issues in the building envelope. 458 

Thermography was more effective in building C, as the climatic conditions and the heating schedule in 459 

the building allowed for a better visualisation due to the higher temperature difference between interior 460 

and exterior. The main issue was the lack of continuous insulation in ceiling spaces, as shown in Figure 461 

3 for case study C, which led to conducting a visual inspection of the roof space.462 

463 

Figure 3 464 

465 
Figure 3 – Thermal imaging showing gaps in ceiling insulation in the attic space in case study C. Images taken 466 

with an infrared-fusion camera with a thermal sensitivity of 0.8 °C at 30 °C target temp (80 mK); date: 13th 467 
August 2019. Photo credit: Priscila Besen. 468 

Visual inspection was documented with photographs of critical aspects found in the three 469 

buildings. The main findings were related to decay, lack of maintenance, modifications, and occupants’ 470 

preferences. Following the identification of issues in ceiling insulation through thermography in case 471 

study C, an inspection of roof space revealed that insulation was only installed in half of the ceiling 472 
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space: Figure 4 (a) shows that the areas on the right-hand side remain uninsulated, causing significant 473 

heat losses. Also, air draughts through windows were common in all buildings due to lack of 474 

maintenance, as per Figure 4 (b) showing how the original sash windows do not close properly and 475 

leave a visible gap at the bottom in building C. 476 

 477 

Figure 4 – Photos of case study C showing key issues. Photo credit: Priscila Besen. 478 

To maintain building occupants’ thermal comfort, many portable electric heaters were used in 479 

office spaces, which were brought from home by the occupants (Figure 5). This practice, found in all 480 

case studies, clearly indicates that the fixed heating devices installed in the buildings are not enough to 481 

ensure comfortable conditions in winter. 482 

 483 

Figure 5 – Use of personal portable heaters by building occupants in case studies C (a) and A (b). Photo 484 
credit: Priscila Besen. 485 
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Temperature measurements (Table 2) were taken in a selection of rooms, on the same winter day 486 

as thermal imaging was taken, to understand indoor conditions and variations inside the buildings, as 487 

well as to inform the calibration of energy models. The same equipment was utilised for measurements 488 

in all buildings. 489 

Table 2 – Spot indoor air temperature measurements in the three case studies in winter – Temperature 490 
range. 491 

 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 30th August 2019 13th August 2019 

 492 

The measurements revealed high variation between rooms as there were different heating systems 493 

and room layouts in the buildings. It is worth mentioning that in building C, wall radiators were not 494 

able to spread heating through rooms appropriately, resulting in variations of up to 3oC even within the 495 

same room.[111] 496 

Following the previous assessments carried out on site, a one-off online questionnaire collected 497 

data on the overall occupants’ perceptions regarding thermal comfort, acoustic quality, daylighting, 498 

indoor air quality, and energy use, among other aspects. Only the results on energy and thermal comfort 499 

are reported in this study, as these are the most relevant to the focus on thermal retrofit strategies. The 500 

response rates for questionnaires were 10.7% in case study A, 13.1% in case study B, and 32% in case 501 

study C. Figure 6 shows the level of satisfaction with internal temperatures in summer and winter 502 

respectively. 503 
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 504 

Figure 6 - Level of satisfaction with indoor temperatures in the case studies in winter and summer. 505 

Overall, there was dissatisfaction with indoor temperatures both in winter and in summer. In case 506 

study C, located in the coldest climate, 60% of respondents revealed dissatisfaction in winter. In 507 

summer, dissatisfaction was also high: 53% of participating building occupants were dissatisfied or 508 

very dissatisfied with indoor temperatures. In Case study A, located in the warmest of the three climate 509 

zones, the level of dissatisfaction was higher in winter than in summer. Auckland is usually known as 510 

a “mild climate”, but the lack of insulation, the use of single glazing, and the orientation of the building 511 

contributed to cold indoor temperatures. Although case study B showed higher percentages of 512 

satisfaction and neutrality regarding indoor temperatures, the open-ended questions revealed many 513 

issues in the building, due to its construction techniques. Table 3 shows selected comments from open-514 

ended questions related to indoor comfort in the three case studies.  515 
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Table 3 – Selected comments from open-ended questions. 516 

 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 degrees, 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.” 

 517 

The comments revealed that window ventilation is not enough to provide acceptable indoor 518 

conditions in these buildings. There are rooms with small windows where ventilation is ineffective; in 519 

addition, window ventilation generates significant heat losses in winter. Occupants also reported that 520 

when it is raining or too windy, opening windows becomes impractical. Comments also highlighted 521 

significant issues about the lack of maintenance that means windows become stuck and cannot be 522 

opened for summer ventilation. Comments also highlighted discomfort related to seating next to single 523 

glazed windows, draughts from windows, and excessive solar heat gains, as the original windows have 524 

a high G-value. 525 
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The questionnaire demonstrated that the indoor conditions in these historic buildings affect the 526 

wellbeing of occupants and their productivity. For instance, an occupant in building C reported falling 527 

asleep in the summer because the building gets too hot, while another said it is hard to work in winter 528 

because of the low temperatures. One of the responses above confirmed the practice of bringing 529 

personal heaters to offices to compensate for the insufficient heating provided in the building. The 530 

comments from building occupants reinforce the need for improving thermal comfort which would be 531 

a result of energy retrofitting URM buildings. 532 

3.2 Development of retrofit scenarios and simulation 533 

As discussed in the methodology, the study developed retrofit scenarios by 1) analysing the 534 

baseline model; 2) assessing hygrothermal risks through simulation; and then 3) developing energy 535 

simulation. The following sections discuss all these steps and the results obtained. 536 

 Baseline analysis 537 

The PHPP baseline model allowed an analysis of the main sources of heat loss in a building in its 538 

current configuration. Figure 7 shows the percentage of heat loss from each building element. 539 

   
Figure 7 - Heat losses (%) in baseline models as calculated by PHPP. 540 

Ventilation, external walls, and fenestration were found to be the main sources of heat losses in 541 

the buildings, with some variations between the three buildings due to the building form and 542 
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construction configurations. Ventilation is a high source of heat loss, due to the draughts in junctions, 543 

windows, and doors. Although contributing to solar heat gains, windows undergo high rates of heat 544 

losses due to single glazing and timber frames providing low levels of insulation. External walls are 545 

responsible for significant heat loss in the buildings because the brick masonry walls remain 546 

uninsulated. Roof and ceilings make a lower contribution to heat losses in these buildings because these 547 

are the only portions of the buildings that currently contain thermal insulation. This analysis informed 548 

the proposal of retrofit scenarios based on the current building components that need to be upgraded to 549 

reduce heat losses. 550 

Calibration was developed by comparing the baseline model with measured energy consumption. 551 

The models revealed that, when considering a setpoint of 16.5oC – which was found to be the minimum 552 

temperature through spot measurements (Table 2) – the simulated energy consumption values were in 553 

line with measured consumption on site. However, to achieve EnerPHit certification and ensure 554 

comfortable conditions for occupants, a setpoint of 20oC was utilised in the models for assessing all 555 

retrofit scenarios. 556 

 Proposed retrofit scenarios 557 

As described in the methodology, cumulative retrofit scenarios were developed according to the 558 

least invasive to the most invasive works. Although external insulation is a preferred solution from a 559 

technical perspective, in historic buildings the application of internal insulation offers a possibility to 560 

improve the historic buildings’ energy performance without compromising the buildings’ architectural 561 

appearance [112]. Given the historic significance of the external façades of the selected case studies 562 

and heritage protection restrictions, the proposed energy retrofit interventions were located internally. 563 

Figure 8 illustrates the proposed retrofit packages for the study. 564 
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 565 
Figure 8 – Proposed cumulative retrofit scenarios. 566 

Retrofit scenario 1 is the baseline, consisting of the original building before seismic strengthening 567 

or energy retrofit take place. Scenario 2 contains only the baseline building with seismic upgrades. This 568 

was modelled in accordance with drawings from engineers for these buildings, and was considered as 569 

a “fixed” factor not to be altered.  570 

Retrofit scenario 3 includes roof and underfloor insulation, which are the most common type of 571 

energy upgrade and are generally considered a low-cost intervention with minimal visual impact [39]. 572 

The type of under floor insulation selected is Polyisocyanurate (PIR) boards, due to durability when 573 

used around crawl spaces and for moisture protection. Underfloor insulation installation must provide 574 

available access to crawl spaces or allow for the temporary removal of timber floors followed by 575 

reinstatement. Glass wool blankets are already used in the case study buildings for roof insulation, and 576 

one of the most common insulation materials in New Zealand [113]. To keep the same material and 577 

avoid changes that could result in compatibility issues, and to ensure ease of installation, glass wool 578 

insulation is added on top of the existing timber structure to reduce the effect of thermal bridging and 579 

increase the thermal resistance of roofs and ceilings. The thickness of insulation is determined according 580 

to sizes of cavities and sensitivity analysis through PHPP models to achieve EnerPHit requirements.  581 

Retrofit scenario 4 includes window upgrades and airtightness. Secondary glazing is generally a 582 

less intrusive option than replacement of original windows. However, while this type of window 583 

upgrade is supported by the national heritage authority in New Zealand found in these buildings [36], 584 

there are few examples of this application in the country [39]. High performance windows with timber 585 

frames and Low-e Argon-filled double glazing are utilised in the retrofit scenarios and are installed 586 

internally while maintaining original windows on the exterior. The selected windows are Passive House 587 
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certified, and have a slim frame profile, minimising the visual impact of this addition. The selected 588 

windows are openable to the interior to allow for natural ventilation in summer. The only exception to 589 

window upgrades are the stained glass windows in the Council Chamber room in case study B, which 590 

already has secondary glazing added to the exterior of the original windows for decay protection. No 591 

further window upgrades are proposed for these windows, as they have high historic and architectural 592 

value. Airtightness is enhanced by adding different materials in the inner layers of the building 593 

envelope, such as internal lime plaster in walls and plywood diaphragms (also part of seismic upgrades 594 

in case study A) with tapes to ensure airtight junctions in ceilings.  595 

In retrofit scenario 5, a heat recovery ventilation system with efficiency rate above 80% is 596 

introduced to provide constant ventilation to the building, keep healthy indoor environments, and reduce 597 

the heating demand by heat recovery. The installation of such a system would rely on the careful design 598 

of ducting and the placement of the heat exchange unit in a way that does not impact the heritage fabric.  599 

Retrofit scenario 6 is the most comprehensive and includes wall insulation. As all façades have 600 

heritage significance and protection, internal insulation is proposed (Figure 9). Cavity insulation would 601 

only be possible in case study A, due to the suitable size of the air cavity. However, due to potential 602 

reversibility concerns, internal insulation applied to the inner face of walls is the preferred option. As 603 

wall insulation is one of the riskiest interventions for moisture management in building assemblies, a 604 

hygrothermal simulation was run and its results guided the selection of suitable materials. 605 

Table 4 shows the thermal transmittance of the main building envelope components for each 606 

retrofit scenario, calculated according to the methodology presented in section 2.4.2. As the current 607 

New Zealand Building Code does not specify thermal transmittance values for existing buildings, the 608 

new U-values were proposed according to the EnerPHit standard. Case study C was at the design stage 609 

for seismic strengthening at the time of the research. The proposed energy upgrades were based on the 610 

preferred strengthening strategy at the time, which included filling the existing wall cavity with lime-611 

based mortar and post-tensioned steel bars. 612 

Table 4 – Retrofit scenarios, including a summary of average U-values [W/(m2K)] used for each 613 
component of the building fabric for the PHPP model. 614 
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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%) 

 615 
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 616 
Figure 9 – Proposed retrofit details for wall constructions: energy-related interventions shown in yellow, 617 

seismic-related interventions shown in purple. 618 

Values shown for building B do not apply to the Council Chamber room, as it needed to be 619 

carefully assessed for retrofit. This room is a triple-height space that is utilised for occasional events. 620 

There is significant original detailing in the timber, walls, and ceilings, and heritage significant stained 621 

glass windows, which are a memorial for staff and students who died in the world wars. These windows 622 

had already been upgraded with secondary glazing applied to the outside to provide protection from 623 

decay. The addition of secondary internal glazing and wall insulation would have a significant impact 624 

on this important space. The ceiling and floor of the room could possibly be insulated, if insulation 625 

could be added to existing cavities (this would be subject to confirmation through further investigations 626 

such as through the use of endoscope cameras). Therefore, given its heritage significance and its 627 

occasional occupancy pattern, no interventions are proposed for this room because any changes could 628 

have a significant visual impact. In addition, there are no significant requirements from occupants’ 629 

comfort point of view since it is only used for occasional short meetings and gatherings. Figure 10 630 

shows the location of the Council Chamber room and the extent of the building that will be excluded 631 

from retrofit interventions, as well as an internal view of the configuration of the space and the stained-632 

glass memorial windows. 633 

 634 
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Figure 10 – Case study B: Floor plan and photo showing the Council Chambers room, which will be 635 
subject to minimal energy retrofit interventions due to its heritage significance. 636 

 Hygrothermal simulation results 637 

As discussed in section 2.3, the potential materials identified for internal wall insulation are: 1) 638 

calcium silicate boards; 2) perlite boards; 3) infill cellulose; 4)  mineral wool; and 5) wood fibre. These 639 

materials were assessed through hygrothermal simulation to identify the most suitable option to avoid 640 

interstitial condensation issues. The impact of the addition of wall insulation leads to different results 641 

in each building due to their different types of construction and the seismic strengthening technologies 642 

applied. Figure 11 shows the total water content in the retrofitted wall assemblies obtained through 643 

WUFI simulation for a period of 10 years – a period recommended by best practices to provide a long-644 

term evaluation of moisture transfer through the building assembly [88]. 645 
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 646 

Figure 11 – Total water content in wall assembly over time for various internal insulation materials. 647 
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In buildings A and B, calcium silicate boards obtained the best results. Overall, it is predicted that 648 

total moisture content will achieve a balance and show stable values after the initial period with all the 649 

proposed material types, while mineral wool, cellulose insulation, and wood fibre are unlikely to present 650 

satisfactory results. Although vapour control membranes were integrated to the wall assemblies in the 651 

models to help obtain better results, issues are likely to remain.  652 

Given the hygrothermal evaluation results, calcium silicate boards were chosen for internal wall 653 

insulation in all case studies. This material is commonly known as being a suitable type of capillary 654 

active insulation. Therefore, the proposed internal wall insulation consists of 80 mm rigid calcium 655 

silicate boards in case studies A and B, and 100 mm in case study C. Lime plaster will be applied as a 656 

finishing surface, which is airtight but vapour permeable, allowing possible moisture build-up from the 657 

wall to dry towards the interior environment. The insulation material can be attached to the existing 658 

masonry walls with a clay-based mortar, which can improve the potential for reversing this intervention, 659 

if required in the future.  660 

 Energy simulation results 661 

Figure 12 shows the results from energy simulation, demonstrating the effect of the proposed 662 

retrofit scenarios on heating demand, while Figure 13 illustrates the frequency of overheating. The 663 

frequency of overheating was calculated in PHPP and represents the number of hours in a year where 664 

the indoor temperature exceeds 25°C, considering that these buildings would not utilise active cooling. 665 

The resulting overheating percentage is the number of hours above 25°C divided by the total number 666 

of hours of occupancy. All results were obtained from PHPP models, which included input from thermal 667 

bridging calculations developed in the software THERM. 668 
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 669 
Figure 12 – Cumulative retrofit scenarios 1-6: heating demand results for case studies A (Auckland), B 670 

(Wellington), and C (Dunedin). 671 

 672 

Figure 13 – Cumulative retrofit scenarios 1-6: frequency of overheating (%) results for case studies A, B, 673 
and C. 674 
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Case study A is located in a low-risk seismic zone and the structural upgrades completed 675 

previously were minimal and limited to the midfloor and ceiling. The plywood diaphragms that were 676 

added for seismic strengthening can be used for airtightness in the proposed energy upgrade. Thus, the 677 

air changes per hour were estimated to decrease from 8 ACH in scenario 1 to 7 ACH in scenario 2. 678 

However, to ensure airtight construction, all its junctions must be carefully taped. Plywood diaphragms 679 

also contribute to a small reduction in heating demand because they help lower the U-value of ceiling 680 

constructions. This shows that in some cases, seismic retrofit works can also help improve energy 681 

performance.  682 

In all case studies, wall insulation has the greatest impact on heating demand, reducing it by over 683 

a third when compared to the previous retrofit scenario (number 5). Airtightness and window upgrading 684 

will make the second most significant reduction to heating demand, generating a reduction of over half 685 

of the previous retrofit scenario when considering a value of 1 ACH for the retrofitted building. In all 686 

three case studies, it would only be possible to achieve the required EnerPHit target of 15kWh/(m2a) in 687 

retrofit scenario 6, which is the most comprehensive package as it includes wall insulation in addition 688 

to all the measures from previous scenarios. Overheating is below the limit of 10% required by the 689 

EnerPHit standard in all scenarios and is significantly lowered by window upgrades in case study A, as 690 

secondary glazing reduces the G-value of windows and related solar heat gains. 691 

As discussed in section 3.2.4, although no energy retrofit interventions are proposed for the 692 

Council Chamber room in case study B, it was modelled in PHPP as-built and the building would still 693 

achieve the required heating demand for certification, since the improvements to the all other rooms 694 

compensate for this uninsulated area. However, the windows and walls in this room would not comply 695 

with EnerPHit’s hygienic criteria and minimum thermal criteria for each component. An exemption for 696 

this type of situation is possible through the EnerPHit criteria for the component method, according to 697 

which “heat transfer coefficients of the exterior envelope building components may be exceeded if 698 

absolutely necessary, if required by the historical building preservation authorities” [69]. As this is a 699 

room with high heritage significance and a clear separation from the building, it is arguable that a better 700 

option could be to exclude it from the thermal envelope and ensure the walls and doors in contact with 701 
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the other parts of the building are insulated and airtight. This type of flexibility is needed in order to 702 

carefully utilise the EnerPHit standard when dealing with historic structures. 703 

Another important point about case study B is that the sprayed concrete system used for seismic 704 

strengthening in the inner layer of walls has already increased wall thickness and window reveal depth 705 

significantly, thus affecting daylighting in the rooms (Figure 1). So, although wall insulation would 706 

provide a significant reduction in heating demand, the suitability of internal wall insulation for this 707 

building is questioned and is discussed further in section 3.3. 708 

In case study C, the structural systems proposed by engineers included post-tensioning with steel 709 

rods within the wall (in the lime-reinforced cavity) or externally. Both systems were tested in PHPP 710 

and did not generate a significant difference in heating demand results. However, from an energy 711 

performance perspective, the option using external structural elements would be more reliable and less 712 

likely to cause future moisture-related issues. In this case, steel elements would be separated from the 713 

thermal envelope, with less interference on the wall assembly. 714 

All buildings would be able to achieve the EnerPHit standard if the most comprehensive retrofit 715 

scenario (number 6) was implemented together with seismic strengthening. The reduction in heating 716 

demand by applying retrofit scenario 6 when compared to the baseline scenario could be up to 92% in 717 

building C, 91.6% in building B, and 89.9% in building A. However, section 3.3 provides further 718 

discussions on the potential risks and benefits for the most critical interventions. 719 

3.3 Assessment of impact on heritage conservation 720 

According to EN 16883 [68], a systematic assessment of a building should be made not only of 721 

technical aspects but also of how the interventions affect the building physically and its heritage 722 

significance. The method proposed by the standard is based on a tabular risk-benefit scheme to identify 723 

the best measures and eliminate inappropriate interventions. The assessment should encompass the 724 

categories presented in the standard, which include technical compatibility, the heritage significance of 725 

the building and its settings, energy, indoor environmental quality, aspects of use, economic viability, 726 

and impact on the outdoor environment. The last two categories are not included in this study as they 727 

were outside its scope. However, as the focus of the research is on the relationship between energy and 728 
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seismic upgrades, a new category is proposed – the integration of retrofit solutions with seismic 729 

strengthening. Figure 14 shows the five-point scale utilised in the assessment as proposed by EN 16883 730 

[68], ranging from high risks to high benefits. 731 

 732 
Figure 14 - Assessment scale according to EN 16883 (2017). 733 

Appendix 1 elaborates further on the assessment for each retrofit scenario in each case study 734 

building. Retrofit scenario 1 is not included as it represents the baseline without any interventions 735 

proposed and therefore does not have any impact on the heritage value. Also, retrofit scenario 2 depends 736 

on the seismic strengthening strategy defined outside the scope of this research. It is assessed based on 737 

standard EN 16883, but not discussed. 738 

According to the main international charters for the preservation and restoration of buildings and 739 

monuments [93], any intervention on a historic building, even of a structural nature, must be potentially 740 

reversible. If new structures are to be integrated within the existing building, in the specific case of 741 

load-bearing structures, the use of dry-assembled technologies is recommended, taking advantage of 742 

connections that allow the disassembling of the new structures at any time [114]. The potential 743 

reversibility of certain energy upgrades, such as roof insulation utilising glasswool blankets, is more 744 

achievable than others, such as wall insulation. The reversibility of calcium silicate boards utilised as 745 

wall insulation depends on how they are attached to the wall. In this study, although clay-based mortars 746 

are utilised as the attachment to the existing walls, it can still not be guaranteed that the potential 747 

reversibility would be damage-free. 748 

Based on the assessment, in case study A, wall insulation is identified as the intervention that 749 

presents the highest risks, while roof and floor insulation, followed by window upgrades, present most 750 

benefits and lower risks. Because most seismic strengthening works were previously carried out in the 751 

roof and floors, insulation to those areas would have the most successful integration with structural 752 

upgrades. These areas of the building are already subject to interventions for seismic retrofit, therefore 753 

roof and floor insulation could be easily installed on site. 754 
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In case study B, due to the seismic strengthening with sprayed concrete, the addition of wall 755 

insulation internally would have a negatively high visual impact. The 200mm concrete layer already 756 

installed has a significant visual impact, especially in window reveals. Thus, adding an additional layer 757 

of wall insulation would present many negative aspects, according to the assessment. Other 758 

interventions, such as secondary glazing and ventilation systems, would be very beneficial in this 759 

building, considering the comments from occupants about inadequate ventilation, overheating, and 760 

airtightness. 761 

In case study C, the proposed strengthening system would have a low visual impact since new 762 

structural elements would be implemented inside the wall cavity. Therefore, the addition of wall 763 

insulation would also have a relatively low visual impact, as it only represents an increase of 100mm to 764 

wall thickness. Window upgrades represent a strategy with the most potential benefits and lower risks 765 

in this case study, with high improvements to energy performance and occupant comfort and lower 766 

impacts on heritage fabric. 767 

4 Conclusions 768 

The case studies analysed in this research showed possible ways to implement deep energy retrofit 769 

in conjunction with seismic strengthening. The energy audit revealed several issues, with building C 770 

currently using 40% more energy than similar buildings on the same campus. A questionnaire given to 771 

building occupants revealed dissatisfaction with several factors, including insufficient heating, lack of 772 

insulation, draughts from windows, and inadequate indoor temperatures. In total, 60% of occupants 773 

were dissatisfied or very dissatisfied with temperatures in winter in building C, 38% in building A, and 774 

14% in building B. In summer, dissatisfaction rates were 53% in building C, 27% in building B. and 775 

33% in building A. 776 

Retrofit scenarios proposed according to the EnerPHit standard showed that a reduction of heating 777 

demand of up to 92% in building C, 91.6% in building B , and 89.9% in building A could be achieved 778 

with the most comprehensive retrofit package, scenario 6, when compared to the baseline. Scenario 6 779 

is the only retrofit package to achieve the EnerPHit standard and represents the most comprehensive 780 
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scenario through its inclusion of roof, floor, and wall insulation, as well as upgraded windows through 781 

secondary glazing, airtightness, and heat recovery ventilation. Scenario 5, a relatively less invasive 782 

package that includes the beforementioned upgrades except for wall insulation, is also capable of 783 

achieving significant savings in heating demand. 784 

Internal wall insulation was utilised in all retrofit simulations due to the significance of historic 785 

façades. Amongst materials selected, perlite boards and calcium silicate boards achieved good results 786 

in hygrothermal performance, due to their capillary-active properties. The assessment of retrofit impact 787 

on heritage fabric, according to EN 16883 [68], showed that the intervention with the most benefits is 788 

the upgrade of windows with secondary glazing, while the intervention with the highest risks is internal 789 

wall insulation. 790 

The study showed that seismic strengthening systems can be compatible with energy retrofit 791 

options or present adverse effects, depending on the structure proposed. Sprayed concrete, for instance, 792 

can significantly increase wall thickness and hinder the possibility of adding additional insulation 793 

layers. This example shows how the retrofit of URM buildings needs to be carefully considered with a 794 

holistic approach as addressing only a single demand, such as structural upgrading, might lead to 795 

problems related to another discipline. Other seismic strengthening systems, such as plywood 796 

diaphragms introduced to ceilings and floors, can help improve airtightness and energy performance. 797 

The investigations reinforce the idea that integrated retrofit solutions need to be designed on a case-by-798 

case basis, considering the particularities of each historic building.  799 

Overall, the study demonstrates that it is possible and advisable to improve the building envelope 800 

in URM construction concurrently with seismic strengthening and achieve significant energy savings 801 

by developing tailored solutions for each case. The EnerPHit standard can be a useful reference for the 802 

development of energy retrofit works, especially if applied in conjunction with the methodology 803 

proposed by EN 16883. In the case of heritage buildings, there are potential problems with the 804 

application of fixed energy performance targets, and the focus should instead be on performance 805 

improvement compatible with the safeguarding of heritage values. The exemptions already available in 806 
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the EnerPHit standard are crucial for the case of historic buildings and could be further expanded to 807 

allow the complete exclusion of selected building areas where no interventions are recommended. 808 

This methodology for the development and assessment of retrofit scenarios can be replicated to 809 

other URM buildings in New Zealand and other countries with masonry building stocks subject to 810 

similar demands in terms of seismic risks, indoor environmental quality, and energy efficiency. The 811 

application of this method can be limited by cost considerations, approvals from heritage authorities, 812 

further in-situ testing such as blower door test and measurement of U-values, as well as further 813 

investigations on the constructability of the proposed upgrades, all factors that were outside the scope 814 

of this study and require further research. There is a need for further development of materials and 815 

integrated systems that can deliver both thermal insulation and structural strengthening at the same time, 816 

as well as retrofit constructions with lower embodied carbon and reduced environmental impacts. The 817 

study highlights the need to evolve from reactive to proactive retrofit approaches, moving from 818 

addressing urgent issues to creating pathways towards positive energy buildings. Overall, the research 819 

confirms that current seismic upgrade projects can be an opportunity to integrate energy improvements 820 

in historic URM buildings through sensible interventions in the heritage fabric, to ensure that these 821 

buildings can continue to serve a useful purpose in a post-carbon future. 822 
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AppendixA - Assessment of impacts based on EN16883:2017 

 Case Study A Case Study B Case Study C 

Assessment 

categories 
Assessment criteria 

Retrofit Scenarios Retrofit Scenarios Retrofit Scenarios 

2 

 

3 

 

4 

 

5 

 

6 

 

2 

 

3 

 

4 

 

5 

 

6 

 

2 

 

3 

 

4 

 

5 

 

6 

 

Technical 

compatibility 

Hygrothermal risks                

Structural risks                

Corrosion risks                

Salt reaction risks                

Biological risks                

Reversibility                

Heritage 

significance of 

the building and 

its settings 

Risk of material impact                

Risk of visual impact                

Risk of spatial impact                

Energy Energy performance and operational energy demand                

Indoor 

environmental 

quality 

Indoor environmental 

conditions suitable for building fabric preservation 
               

Indoor environmental conditions suitable for achieving 

good occupant comfort levels 
               

Aspects of use 

Influence on the use and the users of the building                

Ability of building users to manage and operate control 

systems 
               

Integration of 

retrofit solutions 

with seismic 

strengthening1 

Compatibility with proposed seismic strengthening 

systems 
2     2     2     

Access allowed by seismic strengthening (i.e. elements 

were already affected by seismic interventions) 
2     2     2     

1Proposed new category of assessment specific to buildings subject to combined energy and seismic retrofit. 2Not applicable, as retrofit scenario 2 is seismic strengthening only. 
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INTEGRATING ENERGY RETROFIT WITH SEISMIC 

UPGRADES TO FUTURE-PROOF BUILT HERITAGE: CASE 

STUDIES OF UNREINFORCED MASONRY BUILDINGS IN 

AOTEAROA NEW ZEALAND 

 

Highlights: 

 

- Energy upgrades can be integrated with seismic retrofit in URM historic buildings; 

- Up to 92% reduction in heating demand can be achieved, according to simulation; 

- Calcium silicate boards were found to be the most suitable wall insulation material; 

- The EnerPHit standard can be achieved in conjunction with seismic retrofit; 

- Careful assessment must be carried out to select heritage-sensitive interventions. 
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