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CURRENT PRACTICES AND LIMITATIONS
Strongly influenced by current building standards – cater-
ing for stricter energy performances – a predominant reli-
ance on the same retrofit strategies is detected, despite 
contrasting climates and building characteristics [1]. A 
separation of the indoor and outdoor environments – 
through improved insulation and airtightness for reduced 
energy loss – is combined with balanced mechanical ven-
tilation to ensure fully-controlled indoor health and com-
fort performances, as shown in Figure 1.

While effective in many cases, conventional retrofit meth-
ods face significant limitations when implemented to sol-
id wall brick masonry historic buildings. They fail to 
address two critical aspects: 
First, their traditional breathable fabric is an integral part 
in their complex bioclimatic operations and relies heavily 
on air leakage, making its sealing harmful to both con-

struction durability and indoor environment quality [2, 3]. 
Second, their monumental standing and heritage protec-
tion requirements restrict the nature and extent of permis-
sible interventions, often making conventional measures 
impractical [4, 5].
A need for retrofit strategies tailored to the unique attributes 
of traditional historic buildings is raised. Emphasizing the 
preservation of their breathable nature by positively exploi-
ting air leakage is investigated as a promising approach.

IMPACT OF AIR LEAKAGE ON BUILDING PERFORMANCE
Building energy estimates conventionally decouple con-
duction and air leakage heat fluxes through the envelope 
[6, 7], calculating their thermal load as: 

Qconvention = Qconduction + Qleakage

Qconvention = UA Ti–To +mCp (Ti–To)

Where 
Q – heat flow [W]
U – construction thermal transmitance [W/m2K]
A – construction surface area [m2]
m– air leakage mass flowrate [kg/s]
Cp – air specific heat capacity [J/kgK]
Ti – To  – indoor and outdoor temperatures [K]
This model considers air leakage as a notable source of 
heat loss and attributes significant energy savings to an 
improved airtightness. It thus drives the prevalent reliance 
on airtightness for improved building performance. 
However, air leakage’s impact on energy-efficiency is 
often misrepresented, particularly in breathable construc-
tions with wide networks of diffuse air leakage pathways. 

In contrast to Concentrated Air Leakage through relatively 
large gaps, Diffuse Air Leakage occurs through a network of 
minute cracks and openings with longer air paths in the 
building envelope. The increased contact surface and transit 
time of the leaking air within the building fabric entails much 
greater heat exchange between the solid and air phases.

The heat exchanges between air leakage and conduction 
fluxes are referred to as Infiltration Heat Recovery (IHR), 
and are neglected in conventional energy estimates [6, 7, 8].
IHR affects the construction’s steady-state temperature 
distribution, shifting it from a linear to a curved profile 
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influenced by the indoor-outdoor temperature difference, 
and the direction and velocity of the leakage airflow [6, 7].

The contribution of air leakage to the building energy 
demand could be overestimated. This misrepresentation 
may result in discrepancies between estimated and actual 
performances, thereby misinforming retrofit decisions [6].

IHR IN BUILDING DESIGN: DYNAMIC INSULATION AS 
RETROFIT SOLUTION
The intentional utilization of the IHR effect in design pro-
duces construction elements, known as Dynamic Insulati-
ons (DI), in which air leakage could act as [9, 10]:
• Heat exchanger
• Diffuse ventilation source
• Airborne contaminant filter
• Vapor diffusion barrier
A Dynamic Insulation (DI) is a building envelope sys-
tem whose base principle introduces a running fluid – in 
this case air – into the building’s static construction to 
recover some of the conductive heat loss through the 
envelope [8]. 
Breathable constructions reveal similarities with purpose-
designed DI systems. This suggests potential for their 
retrofit to act as efficient DI systems, thus exploiting their 
air leakage for building performance improvements. 

Despite being introduced over 30 years ago, design guide-
lines for implementing dynamic insulation are underdeve-
loped for both new and existing buildings, limiting its 
application [8]. 
The prevalence of the decoupled approach to building 
energy estimates presents a challenge for designers:
• �How can IHR be efficiently accounted for in building 

performance estimates?
When it comes to the implementation of this concept in 
building retrofit, key questions for designers include:
• �Which retrofit strategies efficiently exploit IHR, to opti-

mize energy-efficiency, indoor environment quality, and 
heritage preservation?

• �Can these retrofit strategies achieve target performance 
improvements, when conventional retrofits are taken as 
performance benchmark?

IHR IN ENERGY ESTIMATES: DYNAMIC U-VALUE
Existing building energy simulation (BES) tools rely on 
the conventional decoupling of conduction and airflow 
heat fluxes, and consequently fail to model the IHR effect 
accurately. 
To address this limitation, a purpose-built and validated 
model was developed by integrating an analytical DI 
model into EnergyPlus, which combines multi-zone ener-
gy and airflow network capabilities. 
The Taylor Model [11] introduced the concept of dynamic 
U-value, correcting the conduction heat flux for the heat 
recovered by air leakage. Their thermal load is then esti-
mated as:
 Qconvention = Qconduction + Qleakage

Qconvention = UdynA (Ti–To) +mCp (Ti–To)

Where 
Udyn – dynamic thermal transmittance [W/m2K]
The dynamic U-value is a function of the air flow, density, 
and specific heat capacity, and the material’s static ther-
mal resistance. Its equivalent dynamic thermal conductiv-
ity then acts as the model’s time-variant material proper-
ty, updated for each surface at each time-step based on 
the detected infiltration airflow [12].
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ν ρa Cp
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Impact of airflow on a construction’s temperature distribution [6]. 
Shown is a schematic representation of two walls with air leakage 
flowing from the outdoor to the indoor environment, under a hea-
ting-season scenario (left) and a cooling season scenario (right). 
Represented, in black, is the pure conduction’s linear temperature 
profile and, in blue, the air leakage-modified temperature profile
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Breathing wall dynamic insulation system. Shown is a dynamic insu-
lation system consisting of the existing masonry wall and an internal 
breathable insulation layer. Represented is the heat flux without the 
IHR effect (dotted arrow) and with the IHR effect (solid arrow). The 
temperature gradient across the insulation is color graded.
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Where 
Udyn – dynamic thermal transmittance [W/m2K]
λdyn – dynamic thermal conductivity [W/mK]
ν – air infiltration flow velocity [m/s]
ρa – air density – 1.204 kg/m3

Cp – air specific heat capacity – 1006 J/kgK
R – material static thermal resistance – L/λ [m2K/W]
L – material thickness [m]
λ – material static thermal conductivity [W/mK]

Despite neglecting the air film resistances, the Taylor 
model is valid for buildings with low air change rates 
[13]. However, its main limitation is assuming a homoge-
neous spread of the diffuse air leakage and IHR across 
each envelope surface, which may not be guaranteed in 
existing buildings.

QUANTIFYING BUILDING PERFORMANCE
To evaluate a retrofit approach, the building’s overall per-
formance must be quantified pre- and post-retrofit. Addres-
sing the trade-off between energy-efficiency and indoor 
health and comfort, however, requires a systematic evalua-
tion framework with relevant parameters and criteria. 
The guiding principle for defining the parameters is their 
direct relevance to the study’s scope – particularly to air 
leakage’s impact on buildings – and their compatibility 
with the BES tool, ensuring computational feasibility and 
accessibility through the model’s outputs. 
One the one hand, energy efficiency is measured by the 
building’s final energy demand – a quantifiable variable 
independent of system and source efficiencies not 
addressed in this study.
On the other hand, indoor health and comfort is gauged 
by four parameters: winter indoor operative tempera-
ture, summer adaptive thermal comfort temperature, air 
change rate, and indoor air relative humidity. These 
parameters are simulated hourly and their annual per-
formance is quantified through their respective IEQ 
scores. 

Indoor heath & comfort performance levels are categorized 
as outlined in the EN 16798 standard [14]. The IEQ score – 
or Indoor Environmental Quality score – is a weighted 
performance metric assessing the building’s annual 
performance across these categories.
Each parameter’s score is calculated as:

SIEQp 
= ∑ni x WIEQii

Where 
SIEQp

 – weighted IEQ score for parameter p [hr]
ni – number of hours in IEQ category i [hr]
WIEQi

 – hourly weight of IEQ category i [-] 

Optimal building performance then seeks to minimize 
energy demand while maximizing the IEQ scores for win-
ter and summer thermal comfort, ventilation and indoor 
air quality, and indoor air humidity. 

IDENTIFYING OPTIMAL RETROFIT SOLUTIONS
The retrofit variants – inspired by dynamic insulation sys-
tems – address different conditioned zone boundaries, 
envelope properties, and ventilation strategies. Founda-
tional assumptions across variants include sealing con-
centrated leakages and implementing exhaust air heat 
recovery at 85% efficiency. 
A traditional single-family dwelling from 1750 in Leiden 
serves as a representative Case Study building and vali-
dates the model’s air leakage behavior against its in-situ 
measurements.
The performance evaluation compares variants against 
the base case and a conventional retrofit case, serving as 
benchmark for target improvements. These variants con-
sider combinations of the buildings’ thermal boundary 
(i.e. loft configuration), envelope properties (i.e. insula-
tion thickness and airtightness), and ventilation strategies 
(i.e. ventilation systems and flowrates).
All variants are studied under two scenarios – insulated 
and non-insulated – that reflect different heritage protec-
tion levels: protected exteriors only, or both exteriors and 
interiors. 
The variants are analyzed in 3-steps.
First, Morris sensitivity analyses – a one-step-at-a-time 
method [15] – are performed in 4 runs for both dynamic 
and static constructions, considering two loft configura-
tions under two building depressurization levels (1-2Pa 
and 30Pa, for normal and under-pressure operations). The 
analyses evaluate the potential of cold and warm loft con-
figurations to preserve surface permeability while ensur-
ing energy-efficiency. By qualitatively assessing the sensi-
tivity of the building’s energy demand to surface 
permeability under the two depressurization levels, they 
reflect how the variation in loft configuration and the 
building’s thermal boundary influence energy loads and 
infiltration heat recovery.
Second, focusing on the warm loft configuration, 6 
NSGA-II evolutionary optimizations [16] identified opti-
mal insulation and ventilation designs – i.e. optimal 
combinations of surface permeabilities, insulation thick-
nesses, and fan flowrates – under the 6 different retrofit 
variants (static vs. dynamic constructions, non-insulated 
vs. insulated, ventilation-based flowrates vs. oversized 
flowrates) as shown in Figure 4, thus generating their 
Pareto-optimal solution sets. The parameter ranges 
encompassed all virtually achievable values for such 
buildings, under all types and levels of finishing, retrofit-
ting, and replacement. These ranges are shown in Table 
1 below. 

Pareto-optimal Solutions are the set of non-dominated 
solutions resulting from a multi-objective optimization. These 
achieve optimal trade-off between conflicting objectives, so 
that improving any objective must degrade another. In 
absence of additional preference information, all pareto-
optima are considered equally good.

Table 1: Input parameter ranges

Surface Permeability Insulation Thickness Fan Flowrate (Building 
Depressurization)

kg/s.m2 m l/s.m2 (Pa)

Walls [0.000001 - 0.0004] [0 - 0.15]

Roofs [0.00001 - 0.004] [0 - 0.30]

Fans [0.9 - 5.93] ([1 - 30 ])
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Third, a systematic scoring system ranks the resulting 
optimal solutions. The TOPSIS multi-criteria decision 
analysis [17] characterizes each solution by a ‘closeness 
factor’ – reflecting its relative performance within its Pare-
to set. Normalizing these factors against the base case 
and conventional retrofit case generates an objective 
score that weighs the solution as a fraction of the conven-
tional retrofit’s performance improvement.  
Target solutions aim to match or exceed the conventional 
retrofit’s performance, while preserving existing air leak-
age to a practical extent. Assuming a 10% tolerance, solu-
tions scoring over 0.9 are selected and further compared 
based on airtightness, insulation, and fan flowrate to 
ensure practicality and effectiveness. 

RESULTS: CONNECTING LOFT CONFIGURATION, 
BUILDING PRESSURE AND IHR POTENTIAL
For computational efficiency, the evaluation of the condi-
tioned zone boundary is based on qualitative analysis. 
The results of the Morris sensitivity analyses emphasize 
the significant role of building depressurization on the air 
leakage’s impact. 
At low depressurization, the IHR effect is limited, i.e. only 
partially mitigating the air leakage’s thermal load. Howev-
er, at high depressurization, there is substantial IHR 
potential, which positively impacts energy-efficiency. To 

achieve significant energy savings at higher surface per-
meabilities, fan flowrates exceeding minimum ventilation 
requirements are necessary.
Nonetheless, at low depressurization, the warm loft con-
figuration could exhibit minimal energy demand sensitivi-
ty to wall permeabilities (<10%), suggesting surface per-
meability could potentially be preserved without 
sacrificing energy-efficiency – even without IHR. 

RESULTS: EVALUATING ENVELOPE AND VENTILATION 
STRATEGIES
The NSGA-II analysis and subsequent multi-criteria deci-
sion analysis result in multiple sets of Pareto-optimal 
solutions ranked by their relative performance scores. 
The distribution of these scores is shown in Figure 4. For 
meaningful results, buildings with heritage-protected inte-
riors are also compared against a non-insulated equiva-
lent to the conventional retrofit. 

The detailed results highlight that:
1. �Non-insulated buildings could achieve up to 80% of 

improvements seen in fully-insulated conventional 
retrofits, under ventilation flowrate levels. Higher 
flowrates attain higher performances, indicating IHR’s 
compensatory effect – although added insulation is 
necessary to match insulated conventional retrofits. 

Distribution of the performance scores of the Pareto optimal solu-
tions of each run, relative to the insulated conventional retrofit 
(a), and non-insulated conventional retrofit (b). The scores are 
scaled so that a score of 0 reflects the Base Case’s performance 
(no improvements) and a score of 1 reflects the Conventional 
Retrofit’s performance (Benchmark improvements).

4 5

Qualitative summary of the overall analysis results. Shown is the 
permeability vs energy performance (a) and intrusiveness vs 
energy performance (b) for each ventilation regime variant under 
ventilation flowrates (in blue) and oversized flowrates (green) 
relative to the conventional retrofit references (red).



_BF02_2024.indb   5_BF02_2024.indb   5 28-11-2024   12:0128-11-2024   12:01



6 2 2024 BOUWFYSICA WWW.NVBV.ORG

2. �Oversized fan flowrates are essential for reliable buil-
ding depressurization and effective IHR exploitation. 
IHR’s significant impact on performance outcomes 
reveals the importance of its integration in building 
performance analyses. 

3. �Various ventilation regimes exhibit different IHR exploi-
tation abilities, with fan-assisted depressurization 
necessary for effective performance. 

Detailed examination of top-performing solutions revealed 
comparable indoor environmental quality, but varied per-

meability-energy demand relationships and levels of 
implementation intrusiveness. The “Exhaust ventilation 
with oversized fan flowrates” variant discerned itself with 
promising energy savings at high permeability levels and 
lower implementation intrusiveness.
Insulated or non-insulated, this retrofit variant outper-
formed conventional methods, though added insulation 
yielded substantial additional energy savings (of 40.8 
kWh/year/m2).
These findings culminate in tailored recommendations 
and application frameworks for traditional historic build-
ings, accommodating different baseline performances and 
heritage protection restrictions. 
Ultimately, the choice of the retrofit approach depends on 
each project’s specific characteristics and restrictions. 

BUILDING PERFORMANCE AND AIR LEAKAGE FLOW: 
UNDERSTANDING THE CONNECTION
Post-retrofit performance analysis of all variants in the 
non-insulated case reveals energy improvements that may 
be attributed to changes in surface permeabilities and 
exhaust fan flowrates – in other words, to changes in the 
air leakage flow. The positive relationship between air 
leakage flow and energy savings in breathable buildings 
is then evident. 
An example is shown in Figure 7. All else equal, increas-
ing the exhaust fan flowrate from 2.5 to 4.5 l/s.m2 reduc-
es the energy demand by 640 kWh/year (2.6 kWh/year/
m2), with potential for higher energy savings of 679 kWh/
year (2.8 kWh/year/m2) when combined with increased 
surface permeabilities. 
These findings challenge conventional views on air leak-
age and underscore the potential for heating energy sav-
ings through increased air infiltration. They demonstrate 
the impact of IHR and validating the retrofit strategy of 
converting traditional breathable constructions into 
dynamic insulations. 

FINDINGS AND RECOMMENDATIONS: A BREATHABLE 
FUTURE
The analysis confirms the potential of enhancing building 
performances – energy-savings and indoor environment 
quality – by leveraging the building’s air leakage in post-
retrofit operations. 
Challenging conventional assumptions, it demonstrates 
the significance of considering the Infiltration Heat Recov-
ery (IHR) in building performance assessments for accu-
rate outcomes and informed decision-making in the retro-
fit of breathable buildings. 
The resulting recommended retrofit for traditional historic 
buildings is founded upon significant and well-distributed 
diffuse leakage, effective sealing of concentrated leakage 
pathways, and heat recovery on exhaust air. Effective per-
formance of breathable buildings as dynamic insulations 
then calls for inherently well-insulating constructions and 
consistent building depressurization. The latter could be 
achieved by simply adjusting the exhaust flowrates 
beyond minimum ventilation requirements or, potentially, 
using alternative strategies such as the stack effect 
through chimneys or atriums, the wind effect through 
wind-driven ventilation and fans, or other novel 
approaches. 

Achieved energy performances of the different retrofit approa-
ches, relative to the base case.
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7

Example of pareto-optimal solutions of the non-insulated scenario, revealing energy-savings 
through increased air infiltration (i.e. higher permeability and/or higher depressurization). 
Shown is each solution’s yearly energy demand [kWh], exhaust fan flowrate [l/s.m2], and 
permeabilities of the pitched roofs (PR) and flat roofs (FR) [kg/s.m2] and walls (W) [10-1 
kg/s.m2].
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A simplified scheme of the proposed strategy is shown in 
Figure 8. Depending on the thermal boundary of the 
building, the surfaces involved in the IHR may differ.  
Adapted to buildings with heritage-protected exteriors or 
both exteriors and interiors, the recommendation primari-
ly varies by the added insulation to enhance energy-effi-
ciency.
While further development is needed, the study redefines 
retrofitting possibilities for traditional monumental build-
ings. It promotes the preservation of the building’s 
breathability through simple non-invasive retrofit mea-
sures. By simply sealing concentrated leaks and establish-
ing consistent building depressurization, some of the 
building’s energy load could be mitigated, offering a step 
forward towards a more sustainable retrofitting 
approach. n

SOURCES
 [1] Martínez-Molina, A., Tort-Ausina, I., Cho, S., & Vivan-
cos, J. L., 2016, Energy efficiency and thermal comfort in 
historic buildings: A review. In Renewable and Sustainable 
Energy Reviews (Vol. 61, pp. 70–85). Elsevier Ltd. 
https://doi.org/10.1016/j.rser.2016.03.018 
 [2] Doran, S., Zapata, G., Tweed, C., Suffolk, C., For-
man, T., & Gemmel, A., 2014, Solid wall heat losses and 
the potential for energy saving: literature review. https://
assets.publishing.service.gov.uk/
media/5a7ddd5aed915d2acb6ee997/solid_wall_insulati-
on_literature_review.pdf 
 [3] Bone, A., Murray, V., Myers, I., Dengel, A., & Crump, 
D., 2010,  Will drivers for home energy efficiency harm 
occupant health? Perspectives in Public Health, 130(5), 
233–238. https://doi.
org/10.1177/1757913910369092 
 [4] Becchio, C., Corgnati, S. P., Vio, M., Crespi, G., Pren-
din, L., & Magagnini, M., 2017, HVAC solutions for energy 
retrofitted hotel in Mediterranean area. Energy Procedia, 
133, 145–157. https://doi.org/10.1016/j.egy-
pro.2017.09.380 
 [5] RVO, accessed august 2024.,  All-in-one permit for 
renovating or demolishing protected monuments. Busi-
ness.Gov.Nl. https://business.gov.nl/regulation/all-in-
one-permit-monuments/ 
 [6] Solupe, M., & Krarti, M., 2014, Assessment of infil-
tration heat recovery and its impact on energy consumpti-
on for residential buildings. Energy Conversion and 
Management, 78, 316–323. https://doi.org/10.1016/j.
enconman.2013.10.058 
 [7] Younes, C., Shdid, C. A., & Bitsuamlak, G., 2012, Air 
infiltration through building envelopes: A review. Journal of 
Building Physics, 35(3), 267–302. https://doi.
org/10.1177/1744259111423085 
 [8] Fawaier, M., & Bokor, B., 2022, Dynamic insulation 
systems of building envelopes: A review. In Energy and 
Buildings (Vol. 270). Elsevier Ltd. https://doi.
org/10.1016/j.enbuild.2022.112268 
 [9] Taylor, B. J., & Imbabi, M. S, 1998, The application 
of dynamic insulation in buildings. Renewable Energy, 
15(1–4), 377–382. https://doi.org/10.1016/S0960-
1481(98)00190-6 
 [10]Taylor, B. J., Webster, R., & Imbabi, M. S., 1998, 
The building envelope as an air filter. Building and Environ-

ment, 34(3), 353–361. https://doi.org/10.1016/S0360-
1323(98)00017-1 
 [11] Taylor, B. J., Cawthorne, D. A., & Imbabif, M. S., 
1996, Analytical Investigation of the Steady-State Behav-
iour of Dynamic and Diffusive Building Envelopes (Vol. 31, 
Issue 6). https://doi.org/10.1016/0360-
1323%2896%2900022-4 
 [12] Imbabi, M., & Elsarrag, E., 2010, Tuneable U-Values 
for Energy Efficient, Low Carbon Building Envelopes, WREC-
XI Conference, Abu Dhabi https://www.academia.
edu/25038519/Tuneable_U_values_for_energy_efficient_
low_carbon_bu%20ilding_envelopes 
 [13] Taylor, B. J., & Imbabi, M. S, 1997, The effect of air 
film thermal resistance on the behaviour of dynamic insu-
lation. Building and Environment, 32(5), 397–404. htt-
ps://doi.org/10.1016/S0360-1323(97)00012-7
 [14] European Committee for Standardization, 2019,. 
Energy performance of buildings - Ventilation for buildings - 
Part 1: Indoor environmental input parameters for design 
and assessment of energy performance of buildings 
addressing indoor air quality, thermal environment, lighting 
and acoustics - Module M1-6 (EN 16798-1).
 [15] Wang, Z., & Ierapetritou, M., 2018, Global sensiti-
vity, feasibility, and flexibility analysis of continuous phar-
maceutical manufacturing processes (pp. 189–213). htt-
ps://doi.org/10.1016/B978-0-444-63963-9.00008-7 
 [16] Deb, K., Pratap, A., Agarwal, S., & Meyarivan, T., 
2002, A fast and elitist multiobjective genetic algorithm: 
NSGA-II. IEEE Transactions on Evolutionary Computation, 
6(2), 182–197. https://doi.org/10.1109/4235.996017 
 [17] Wang, Z., & Rangaiah, G. P., 2017, Application and 
Analysis of Methods for Selecting an Optimal Solution 
from the Pareto-Optimal Front obtained by Multiobjective 
Optimization. Industrial & Engineering Chemistry 
Research, 56(2), 560–574. https://doi.org/10.1021/
acs.iecr.6b03453 

Simplified scheme of the proposed retrofit strategy, highlighting simple and versatile nature of 
retrofit measures. Shown are the Cold Loft (a) and Warm Loft (b) configurations, common 
variants in building retrofits. Represented are the building’s thermal boundaries, infiltrating air 
leakage, and the exhaust air. The temperatures, and consequently the heat recovery through 
the air flows, are color graded (red for heated, blue for non-heated).
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