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ABSTRACT

In this paper, the potential of model order reduction for simulating building performance is
assessed, via a case study of modelling heat transfer through a massive masonry wall. Two
model order reduction techniques — proper orthogonal decomposition and proper generalized
decomposition — are investigated and compared. Moreover, to illustrate the performance of
model order reduction techniques, the accuracies of the two model order reduction techniques
are respectively compared with a standard finite element method. The outcomes show that both
of the two model order reduction techniques are able to provide an accurate result, and the
proper generalized decomposition tends to be more versatile than the proper orthogonal
decomposition method.

KEYWORDS
Model order reduction, proper generalized decomposition, proper orthogonal decomposition,
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INTRODUCTION

Today, 30% of the European building stock consists of ‘historic’ buildings built prior to World
War II (Ribuild.eu, 2018). These buildings are typically far less energy-efficient than new
buildings, and they hence account for a large share of the total energy consumption of buildings.
One important measure to reduce their energy consumption is to install internal insulation.
However, internal insulation is often associated with moisture damage, and much care should
be taken when applying this solution. This paper is part of the EU H2020 RIBuild project, which
aims at developing effective and comprehensive guidelines for internal insulation in historic
buildings. Given that a multitude of scenarios and factors can be easily evaluated with numerical
analyses, the use of numerical simulations for hygrothermal performance assessment tends to
be the best option. However, the standard numerical methods for space and time discretization
are usually very time consuming due to the high non-linearity of the equations, the multi-
dimensional spatial domains and the long simulation time intervals required, in order to reduce
the computation time as much as possible, an efficient solver for modelling the hygrothermal
behavior of the wall is needed. Therefore, a faster surrogate model is highly desired.

Instead of using the standard numerical models, Van Gelder et al. (2014) employed statistical
regression and interpolation based surrogate models (such as polynomial regression, Kriging
etc.) to reduce the simulation time. However, these statistical surrogate models can only deliver
static results: for the heat transfer through a wall, they may predict the yearly total heat loss, but
not the temperature profile at each moment in time. Hence, to obtain the dynamic behavior with
a simplifying surrogate model, model order reduction techniques as alternatives of the statistical
surrogate modelling are investigated. In this paper, two model order reduction methods (proper
orthogonal decomposition (POD) and proper generalized decomposition (PGD)) are
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investigated and compared. The first method belongs to a family of a posteriori methods - it is
built based on the preliminary results of the original time-consuming model. The second method
is an a priori method which can be established by a suitable iterative process. Instead of the
standard finite element method (FEM), we will use both POD and PGD to simulate the building
thermal performance, exemplified through a case study of modelling the heat transfer through
a massive masonry wall.

Below, first a brief introduction of POD and PGD are put forward, with focus on the potential
use for the modelling of wall heat transfer. Subsequently, the calculation object and the case
study with its input parameters are introduced, as that forms the central application in this study.
Next, the results of using POD and PGD for simulating the wall heat transfer are presented and
a discussion with respect to the interpretation of their accuracies follows. Finally, conclusions
on which method is considered most optimal are formulated.

POD AND PGD FOR MODELLING WALL HEAT TRANSFER

The thermal performance of a building component can be assessed by analyzing the transfer of
heat through building materials. Heat transfer is mainly related to the normal flows of heat
conduction, convention, radiation and advection. Thus, assessing the thermal performance of a
building component requires to get numerical simulation results of the heat transport equation
based on the component geometry, the boundary conditions and the material properties. The
conventional thermal simulation models are mainly based on numerical simulation methods for
space and time discretization, for instance, the FEM. As mentioned before, these standard
numerical methods can be very time consuming due to the high number of degrees of freedom
after the spatial and temporal discretization. Therefore, in this paper we investigate two model
order reduction methods (POD and PGD) which reduce the degrees of freedom of the complex
system and still mimic the dynamic behavior (such as time evolution of temperatures,...).

Proper orthogonal decomposition

The POD method was first proposed by Kosambi (1943), and has been successfully applied in
a variety of engineering fields, such as image processing, signal analysis, data compression and
recently in building physical engineering (Tallet et al., 2017). POD is also known as Karhunen
- Loeve decomposition, principal component analysis, or singular value decomposition, and the
connections of these three methods are provided by Liang et al. (2002). A brief tutorial of POD
can be found in (Chatterjee, 2000), a detailed introduction of its theory and related application
for modelling heat transfer process are respectively presented by Liang et al. (2002) and Fic et
al. (2005). The basic idea of POD is approximating a high dimensional process by its ‘most
relevant information’. In this paper, we extract the ‘most relevant information’ by making use
of principal component analysis (PCA). After the PCA, the POD modes are constructed by
selecting the most important k components, here k<<Km, where m is the number of the mesh
elements. As a result, these POD modes can be used to construct a reduced model for simulating
different problems (for instance, variations in the boundary conditions or material properties or
longer simulation period).

Proper generalized decomposition

Despite the POD method being able to provide a reduced basis and save the computational time
when simulating similar problems, this method has an important drawback: to construct a POD,
‘a priori knowledge’ — the snapshots of the large original model — is needed. This disadvantage
in turn leads to an extra computational cost and limits its application to ‘different but similar
problems’. On the contrary, Ladeveze (1985) proposed a different strategy, called ‘radial
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approximation’. This method is based on the hypothesis that the solution of the considered
problem is given by a finite sum representation:

N
w0 = ) Xi@) T (1)
i=1

Here, u is the solution of the target problem, Xi usually stands for the spatial parameters, T'
represents the temporal parameter. Next, injecting equation (1) into the weak formulation of the
differential equation and starting from an initial point based on the related initial and boundary
conditions, the solution u(x,t) can be constructed by successive iterative enrichment methods.
The procedure is stopped when the convergence criteria are reached. As a result, this strategy
allows to approximate the solution without any ‘a priori knowledge’. Inspired by this strategy,
Ammar et al. (2006) generalized this method to the multidimensional situation and named it
proper generalized decomposition (PGD). A detailed tutorial of PGD is proposed by Chinesta
etal. (2013), and an application of PGD for simulating thermal processes is provided by Pruliere
etal. (2013) . In addition, two reviews of PGD are provided by Chinesta et al. (2010) and Berger
et al. (2016), with attention for general and physical engineering applications respectively.

CALCULATION OBJECT AND CASE STUDY

For investigating the performance of POD and PGD for hygrothermal simulations, a calculation
object hence needs to be formulated. Since the reference situation prior to retrofit is often a
massive masonry wall, and that configuration is adopted here as calculation object. In order to
judge the feasibility of internal insulation in historic buildings, the hygrothermal performances
of internally insulated massive walls — heat loss, mould growth, wood rot, ... — need to be
investigated (Vereecken et al. 2015). To simplify the calculation complexity in this study, this
paper limits that performance assessment to the transmission of heat loss through the wall. Since
quantifying the heat loss requires solution of the temperature profiles of the wall, both the
temperature profiles and heat losses over the entire year are taken as the targeted outputs. To
do so, the thermal behavior of the wall is simulated with FEM, POD and PGD, wherein the
conductive heat transfer equation is solved under the relevant interior and exterior boundary
conditions. The simulation result of the FEM is taken here as the reference solution: more
specifically, this reference solution is calculated by the FEM with 200 mesh elements and a
fixed time step of one hour.

As mentioned before, since POD is constructed for simulating different problems, in this paper,
several POD models are constructed by using snapshots of different time intervals (one year,
one month, one day, half day, six hours and three hours). Except for the time interval of one
year, all the other scenarios are performed 12 times: once for every month. In addition, each of
the one day, half day, six hours and three hours are taken at the start of each month. In order to
evaluate the performance of different model order reduction methods as a function of the
number of modes, both of the POD and PGD models are calculated with 1 to 15 modes.

For the comparison case study of PGD and POD, the detailed information of the input
parameters is mentioned here. For the material properties, the density, thermal capacity and
conductivity of the wall are 2087 kg/m3, 870 J/kgK and 1.07 W /mK. The boundary
conditions are kept restricted to combined convection and radiation, governed by climate data
of Gaasbeek (Belgium) at the exterior surface, and by the indoor air temperature as described
in (EN 15026) at the interior surface. The related interior and exterior surface transfer
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coefficient are 8 W /m?K and 25 W /m?®K, respectively. In relation to the component geometry,
the thickness of the wall is 0.2 m.

RESULTS

To compare the accuracies of PGD and different POD models, the average temperature
difference between the FEM solution and different model order reduction models, as a function
of the number of modes, is shown in Figure 1. For getting a more direct view of the performance
of POD and PGD methods, different profiles of temperature are compared at different moments,
and the result is presented in Figure 2. In addition, since in practice the cumulated heat loss is
usually considered as an indicator of the thermal performance of the wall, the relative deviation
of heat losses between the reference solution and different model order reduction models are
shown in Figure 3.

Figure 1. Average temperature differences between reference solution and different model order
reduction approximations.

Figure 2. Temperature profiles of the reference solution and PGD solution (solid lines), POD
solution constructed from 6 hours’ snapshots (dashed lines) and from 3 hours’ snapshots (dotted
lines). All the reduced models are construed by 15 modes.
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Figure 3. Relative deviation of heat loss between reference solution and different model order
reduction approximations.

DISCUSSIONS

Figure 1 illustrates that, except for the POD constructed from the 3 and 6 hours’ snapshots, the
accuracy of the other reduced order models increases as the number of their construction modes
raises. However for the POD, after 9 modes this improvement becomes negligible. In addition,
one can see that the accuracy of the POD increases as the time duration of its snapshots raises.
In relation to the PGD, one can see that a relatively accurate result can be reached with a
sufficient number of construction modes. Figure 2 confirms the result of Figure 1, it is shown
that visually there is no difference between the reference solution and PGD approximation. On
the other hand, larger differences can be respectively found between the reference solution and
the solution calculated by the POD with the 6 and 3 hours snapshots. Furthermore, compared
with Figure 1, a very similar result can be found in Figure 3 - except for the POD constructed
from the 3 and 6 hours’ snapshots, the relative errors of the other reduced order models
decreases as the number of their construction modes increases and these relative errors can be
reached below 1% with a very limited number of modes. These findings indicate that the
performance of all the model order reduction methods do not vary much for quantifying the
heat loss instead of calculating the temperature profile.

In summary, combined the results of all the Figures, we can conclude that, with enough number
of modes the PGD method can provide a relatively accurate result. In relation to the POD, only
when the number of snapshots is really insufficient (three and six hours), an inaccurate result
may be obtained. As a consequence, for using the POD method to obtain an accurate result with
the smallest size of snapshot, an error estimation method is thus needed. On the other hand,
since the PGD model is constructed based on a suitable iterative method, an error controller is
naturally embedded in this method. Therefore, together with the advantage that the PGD model
is constructed without any ‘prior knowledge’, this method tends to be more versatile than the
POD.

CONCLUSIONS

In this paper, we investigated the performance of two model order reduction methods (POD and
PGD), based on a case study of modelling heat transfer through a massive masonry wall. It is
shown that, both of the two methods can provide a very accurate result. In addition, since the
construction of PGD does not rely on any ‘a priori information’, this method tends to be more
versatile than the POD and should be preferred.
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ABSTRACT

The retrofit design of buildings and districts cannot exclude the occupants’ perspective if
comfortable and healthy conditions have to be obtained. For this reason, the NewTREND!
project developed a collaborative platform for the energy efficient buildings and districts
retrofit that includes the users’ perspective. Three modules have been developed for thermal
comfort, acoustic comfort and behavioural assessment. These modules are integrated into a
Simulation and Design Hub that, after gathering data from on-site measurements, builds a
simulation model of the district, calculates yearly results and exposes them to the design team
through a dedicated District Information Model server and user interfaces. These modules
perform deep investigations on the occupants’ sensation and behaviour, based on both
measured and simulated datasets and provide comparisons of comfort performances,
considering different retrofit scenarios and related uncertainties. In details, the thermal
comfort module performs analysis according to both predictive and adaptive models,
evaluates the variability around the design conditions together with sensitivity analysis that
highlights which parameters are the most critical for the retrofit design. The acoustic module
provides a complete tool to predict and assess the indoor acoustic comfort, taking into account
the performance of building envelope and the impact of district noise. Finally, the behavioural
module empowers the building energy simulation with co-simulation capabilities that
reproduces the real occupants’ behaviours in relation to comfort conditions. The final goal of
the framework is to support the decision-making process in selecting the optimal retrofit
option that achieves the targeted energy efficiency without infringing the occupant’s
expectation in terms of comfort and well-being.

KEYWORDS
Thermal Comfort, Acoustic Comfort, Behavioural Modelling, Monitoring, Simulation.

INTRODUCTION

Buildings have the main goal of providing comfortable conditions for the occupants. The
lower is the comfort sensation the higher will be the probability that occupants occur in non-
efficient behaviours and low productivity because of the degraded well-being. Thus,
maintaining the optimal thermal conditions in all occupied spaces is a key feature. On the
other side buildings account for the 40% of the total energy consumption and they have to
become as much efficient as possible so to use the minimum energy to provide comfortable
conditions. Considering that, more than the 35% of European buildings have been built before
the 60°s and more than the 80% before the 90’s (BPIE, 2011), they do not include materials
and technologies capable of high performance or they have degraded with. In this context, the
renovation and retrofit interventions are to be considered as priority to achieve the objective

! http://newtrend-project.eu/
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of reducing the global energy consumption and striving to the resilience required for facing
climate changes. Comfort plays an important role in buildings renovation. In fact, the recent
report “Feel Good, Live Well - The UK home, health and wellbeing report™ points out that
over 95% of homeowners and renters make some effort to look after their health and
wellbeing and health and wellbeing issues in their existing homes they would like to change
are in the first position. In this context, the NewTREND project proposes a Collaborative
Design Platform to enable wide retrofit actions of buildings and districts, including comfort
and well-being into the multicriteria assessment framework. This paper presents the platform
and three tools dedicated investigate the occupants’ perspective.

METHODS

The NewTREND cloud platform

The main aim of the NewTREND cloud-based platform is to support the collaborative design
and to promote the dialogue between the different subjects involved in a retrofit project. In
this perspective, a District Information Model (DIM) server has been developed to store data
and to make them available for the designers. In parallel, a Simulation & Design Hub (SDH),
creating a simulation model of the district, allows effective comparisons between retrofit
options at both building and district level and guide the decision makers in choosing the best
strategy. These targets are achieved using dynamic simulations (IESVE software) which
provide yearly energy assessments and calculations of Key Performance Indicators (KPIs).
These components are merged in a Collaborative Design Platform, which provides the access
to all the embedded tools and the visualization of the results through an intuitive Graphical
User Interface. Figure 1 reports a scheme of the platform.

Figure 1. Scheme of the NewTREND platform.

A key improvement of this methodology concerns the inclusion of the occupants’ perspective
in the decision-making process. In fact, the evaluation of different retrofit scenarios is
investigated considering both users’ comfort (thermal and acoustic) preferences and the
human-building interaction. According to this people-centred perspective, three modules have
been developed. The thermal comfort and acoustic comfort modules perform a post-
processing analysis on the simulation data to provide simple comfort indicators for the
different design alternatives. The behavioural module includes the human component inside
the simulation process since it is directly coupled with the IESVE engine.

2 https://www.multicomfort.co.uk/media/1096/saint-gobain-uk-home-health-and-wellbeing-report-summary.pdf
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Thermal Comfort Module

Thermal comfort is a subjective quantity which has to be measured and assessed using a
statistical approach. The tool offers an evaluation of the thermal comfort conditions for each
room of the studied building. The algorithms post-process the data provided by the IESVE
simulation or measurements, according to the user selection both in terms of comfort model
(i.e. predictive and adaptive) and season (i.e. heating, cooling). The tool displays KPIs related
to the thermal comfort assessment for each investigated retrofit scenario, calculated as the
percentage of occupied hours out of the optimal ranges provided by predictive and adaptive
comfort models according to EN 15251 (2007). It receives the input data from the IESVE
cloud energy simulation and, after the post-processing analysis, stores the results in the DIM
server. In addition, this module provides a sensitivity analysis, based on Monte Carlo method,
to determine which parameter has the highest impact of thermal comfort. In this way the
designer has the possibility to address specific issues to be solved with the retrofit. The tool
has been tested simulating a room of a monitored building to guarantee the reliability of the
obtained results (Naspi et al. 2018a). After simulating the actual thermal condition, two
retrofit configurations have been selected and applied. The KPIs related to the three different
scenarios are illustrated and compared to investigate which solution is to be preferred.

Acoustic Comfort Module

The acoustic comfort module is composed of algorithms for the assessment of indoor acoustic
comfort at building level, according to equations of EN 12354-3 (2017). The improvement of
the acoustic comfort is obtained by applying building envelope interventions on the basis of
the evaluation of district noise levels (through measurements - EN 16283-3 (2016) - or
predictive calculation models®). After simulating the current building condition, the tool
performs post-retrofit simulations according to the retrofit interventions selected by the user.
The output of each simulation process is a specific KPI, calculated by assignment of a score
according to the measured/calculated indoor sound pressure level, which allows the
assessment of the indoor acoustic comfort and the comparison between the pre and post
retrofit configurations. The KPI provides to the designers a clear identification of the best
retrofit option on the building envelope to improve the indoor acoustic comfort. The tool,
integrated in the SDH, communicates with the DIM server to receive the required input data.
The investigation of the potentialities of the tool occurred following several steps. At first, an
extensive data collection by acoustic measurements has been performed in a residential
building, settled in Ancona (Italy), to evaluate the actual comfort condition calculating the
acoustic KPI. Then, applying different retrofit scenarios, the tool simulates the post-retrofit
conditions and offers a comparison of pre and post scenarios through the KPIs.

The Behavioural Module

The module consists of two behavioural functions that predict occupants’ interaction with
windows and electric lights in offices. The algorithms have been developed using
experimental data acquired for a full year in a University building in Italy. People presence,
environmental parameters and the status of the devices have been continuously recorded (10
min sampling time) in three offices equipped with sensor networks (Naspi et al. 2018a).
Following the approach proposed by (Wang et al. 2016), the influence of environmental
variables and time-related events on users’ behaviours has been investigated. Window
adjustments are driven by both indoor and outdoor temperature; while the lights are switched
on and off in relation to the decreasing of the work-plane illuminance and to the users’
departure, respectively. Identified the triggers, the coefficients of the equations have been

3 Directive 2002/49/EC. Directive of the European Parliament and of the Council of 25 June 2002 relating to the

assessment and management of environmental noise. Official J Eur Communities 2002; L189: 12-25.
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tuned using regression methods. The co-simulation approach between the module and the
IESVE engine allows the data exchanges during the simulation run-time. This approach offers
a considerable modelling improvement since the operational schedules are dynamically
defined at each time step, according to the module outputs. The integration and the predicting
capabilities of the module have been tested simulating a portion of the case study. Ventilation
and lighting profiles are stochastically defined; while heating and occupancy ones are set
according to ASHRAE standards (2004). The results obtained using the behavioural module
have been compared to those related to a standard simulation (i.e. deterministic results). Then,
both of them have been evaluated in relation to the monitored data to assess which approach
would have made the best predictions.

RESULTS

To demonstrate the functionalities of the tools, they have been applied to assess different
retrofit scenarios to a building of the UNIVPM campus, located in Ancona (centre of Italy),
and built in the seventies.

Thermal Comfort

Thermal comfort module was applied to heating season. Figure 2 shows that, before retrofit,
the building is uncomfortable since the average operation is at the limit of the lowest comfort
zone. This is also confirmed by the KPI, which is for more than the 60% of the time in “cold”
conditions, calculated considering the category II as reference (0.5 PMV as boundaries). The
first retrofit configuration (Retrofit 1), concerning the application of envelope thermal
insulation, moves the building to category II. This intervention produces only a partial
improvement of the comfort conditions since the KPI is not sufficiently high. The second
retrofit scenario (Retrofit 2) concerns the windows replacement and the improvement of the
heating system. The design condition and its deviation reach the higher building category
(0.2 PMV). Also, the KPI shows a number of cold hours lower than the 2% of the total
building operation.

Figure 2. Results from thermal comfort analysis for heating season with predictive model.
Acoustic Comfort

The main outcomes of the acoustic comfort tool are the comparisons both between actual and
retrofitted conditions and between different retrofit designs, using KPIs. Figure 3 shows the
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influence of four types of interventions, with increasing impact. The first two scenarios
concern only one action: the addition of an external insulation layer (case 1) and the
substitution of the windows (case 2). The last two retrofit options are connected to concurrent
operations: addition of an external insulation layer, substitution of windows and small
elements. The key difference between case 3 and case 4 regards the features of the windows,
which are much more performing in the second instance.

Retrofit Scenarios
Figure 3 KPIs comparison of pre and post scenarios.

The analysis highlights that the external insulation has no impact on improving the acoustic
condition while changing the type of windows provides an increase of 28.5% in the KPI
value. The preferred comfort assessment is reached in case 4. In fact, combining several
interventions and enhancing the features of the components, the KPI raises of 51.4%. Such
assessment, clearly identifying the most effective acoustic retrofit solution, aids the users in
selecting the design strategy and in avoiding time and money wastes.

Behavioural Module

The lighting and ventilation profiles obtained applying the behavioural module are compared
both to standard profiles and to real users’ behaviours. To perform the comparison, a sample
of 14 days during the non-heating season has been selected (to avoid the influence of fixed
heating profiles on the results). Figure 4 presents the lighting and ventilation profiles during
two representative days. The real users’ behaviours (blue dashed line) have been examined in
relation to the behavioural (red solid line) and standard (grey dotted line) profiles.

Figure 4. A two-day comparison of lighting and ventilation profiles.

Table 1 summarises the analysis for all the 14 days, reporting the percentage of time with
lights on and windows open and the percentage difference (i.e. error) between simulated and
real actions. The outcomes highlight that both the simulation approaches tend to overestimate
the lighting use and to underestimate the window openings. However, the behavioural module
minimises the discrepancy with actual data, especially for the lighting use (A=+5.1%), with a
consequent deviation of 10% on the prediction of energy consumption, compared to standard
profiles (Naspi et al. 2018b).

1305



7th International Building Physics Conference, IBPC2018

Table 1. Errors of Standard and Behavioural profiles in relation to the real data.

Lighting Profile % of time A% with real Ventilation % of time A% with real
lights ON Profile windows OPEN

Real 8.5 - Real 24.9 -

Standard 424 +33.9 Standard 1.9 -23

Behavioural 13.6 +5.1 Behavioural 8.2 -16.7

DISCUSSIONS

The tools presented in this work are useful to support the retrofit design with deep
investigations of comfort issues. Acoustic and thermal comfort modules can be a support for
the selection of the optimal retrofit solution, addressing buildings pathologies. Also, the
behavioural module provides a substantial empower to the simulation results since it
reproduces the human-building interaction more accurately than standard profiles.

CONCLUSIONS

The paper presents the framework of the NewTREND cloud platform and, in particular, three
embedded tools. The thermal comfort and acoustic comfort tools provide clear and effective
evaluations between different retrofit scenarios using KPIs. The behavioural module
reproduces the human-building interaction during the simulation, overwriting standard
schedules. These tools, including the human component under different perspectives, support
the decision-making process and aid the design team in selecting the optimal retrofit option in
terms of energy efficiency and occupant’s comfort expectations.
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ABSTRACT

Green roof technology plays a large role managing stormwater runoff in urban areas, where
impervious surfaces cause substantial amounts of stormwater runoff to enter combined
sewer systems. If the stormwater flow exceeds the capacity of treatment plants, this often
results in the discharge of raw sewage into nearby bodies of water. Green roofs can reduce
the occurrence of raw sewage discharge by decreasing the amount of mixed wastewater and
stormwater flowing into combined sewers. Engineers and designers are looking for ways to
improve the performance of green roofs and to understand parameters such as field capacity
and time to onset of runoff. A better understanding of field capacity could be used to test
hydrologic models that predict how much water a green roof could store under different
conditions and to estimate how much runoff could be reduced.

In this project, a drip-type rain simulator is used to estimate field capacity of a plot of soil
and sedum taken from the green roof on the Onondaga County Convention Center in
Syracuse, NY. Three soil moisture sensors placed into the plot are used with different rain
intensities to track the increase in soil water content during rain and the decrease following
the end of the rain. The experimental results show that the field capacity of the Convention
Center green roof is about 0.081 m3water / m3soil. This value is lower than expected and
additional testing is underway. It is also shown that as rain intensity increases, time to onset
of runoff decreases. With additional experiments to be conducted in Summer 2018, results
of this work can be used by engineers to design and install green roofs with field capacities
that complement average rain intensities and peak rain intensities and effectively reduce
runoff.

KEYWORDS
Rain Simulator, Green Roof, Field Capacity, Runoff

INTRODUCTION

Green roofs play a significant role in urban stormwater management. They can store
incoming precipitation, which reduces the amount of stormwater runoff flowing to
combined sewers (Mentens et al. 2006). It is important to determine how much water a
green roof can store during rain events in order to estimate how much runoff can be reduced.
This information is important for developing improved engineered soil as well as to further
advance hydrologic models like USEPA SWMM.

Rain simulators are used to produce different intensities of rain in well-controlled laboratory
experiments. Operating a rain simulator with a small plot from a green roof can help
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determine the performance of the green roof under various rain intensities. A drip-type rain
simulator is used in these experiments to control rain intensity, drop size, and field
conditions, such as slope of the roof (Bowyer-Bower and Burt, 1989).

Field capacity is an important parameter in hydrologic modeling and can be useful for
simulating infiltration and evapotranspiration. The field capacity depends on soil texture,
soil structure, and organic content and is measured in units of m3water / m3soil
(Narasimhan, 2009). There are many definitions of field capacity, but for the purpose of this
paper it can be described as the maximum volumetric soil water content held against the
force of gravity after all excess water has been drained (Fazackerley and Lawrence, 2011).
According to Veihmeyer and Hendrickson (1931), this value can be measured two days after
a rain event in pervious soils.

This project utilizes soil moisture sensors that are inserted into a plot of the full depth of soil
with vegetation (7.6 cm soil depth, plot area 35 cm x 58 cm) taken from the green roof on
the Onondaga County Convention Center in Syracuse, NY. The plot is used with a drip-type
rain simulator to determine field capacity of the green roof soil under three different rain
intensities.

There are two main objectives of this project. The first is to determine the field capacity of a
large, extensive green roof in a four-season climate in the Northeastern US using a rain
simulator in a laboratory setting. This experimental result is compared to a theoretical value
based on fundamental characteristics of the soil. The second objective is to determine how
different rain intensities affect the time to onset of runoff. This research is important in
preparing to use computer models to predict the hydrologic performance of this green roof
in both cold and hot weather. The roof is well-instrumented to provide experimental data
over a wide range of conditions for comparison with computer model results to improve our
understanding of the

hydrology of green roofs. 1
0.9 -~
C
0.8
METHODS 0.7
How rain intensities were 0.6
chosen 0.5

Rain event data were collected
from the Convention Center
green roof tipping bucket from
2015 to 2017 in order to

0.4
0.3
0.2
0.1

Fraction of Events with Rain
Intensity Less than Indicated Value

determine the range in rain 0
intensities to simulate. As seen ! 4 10 14 81100
in Figure 1, four mm/hr was Peak Rain Intensity (mm/hr)

chosen because it represents a
peak rain intensity in the 50th Figure 1: Fraction of rain events on the Convention Center green roof from 2015 —
2017 with peak rain intensities less than the indicated value (N=373). Each rain

percentile. Fourteen mm/hr ;
event has a total accumulation of 0.1 mm or greater.

was chosen because it is a
relatively high peak intensity (80" percentile). Finally, an intensity of 81 mm/hr was chosen
to examine the effects of extreme peak intensities (98™ percentile).
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Rain simulator and experimental setup
As seen in Figure 2, the rain simulator consists of a

water source that feeds into a drip former box. There

are small holes in the box for droplets to fall through.

The plot from the green roof is placed underneath the :

box.

The rain simulator is calibrated directly before each

experiment to ensure a constant and accurately Green Roof Plot
measureable rain intensity. The first step in
calibrating the rain simulator is to place a known
volume of water in the drip former box and then
allow additional water to flow into the box to exactly
balance the droplets falling out below the box. A
bucket is used to collect the droplets while the water
in the box is monitored to ensure a constant volume.
A specific intensity is attained by maintaining a
calibrated constant volume in the drip former box. A greater water volume and thus greater
height of water in the box will result in higher intensities. Smaller intensities are obtained by
inserting small pieces of fish line into the holes in the bottom of the box.

Figure 2: Drip-type rain simulator with plot from
Convention Center Green Roof in Syracuse, NY

Before the green roof plot is placed under the simulated rain, three soil moisture sensors are
inserted at equal depths into the side of the plot. For two experiments (reaching 4 mm/hr and
81 mm/hr intensities), Campbell Scientific 615 soil moisture sensors were used. These
sensors were calibrated with one new CS655 sensor, which has a + 3% volumetric water
content accuracy with manufacturer calibration. The 14 mm/hr experiment used three CS655
sensors. After a desired rain intensity is reached, the green roof plot is placed at a fixed
distance below the drip former box at a 1% slope to mimic the slope of the green roof, and
volumetric water content data are collected.

As the experiment continues, it is noted when runoff occurs. The plot is kept under a
constant rain intensity until runoff becomes steady and volumetric water content has reached
a constant value. At this point, the rain is stopped and the soil moisture sensors continue to
collect data for 48 hours so that field capacity is determined. Evapotranspiration is assumed
to be negligible because the plot is left in a dark basement laboratory, where relative
humidity is expected to be high, while data are being collected.

Calculation of field capacity based on soil characteristics
Dingman (2002) provides the following equation for field capacity:

Orc = ¢+ (Lechys ()

where 6y, is the soil field capacity, ¢ is the porosity, Y, is the air-entry tension in cm, and
b is the exponent describing the moisture characteristic curve. The data collected in the rain
simulation experiments can be compared to this model.
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RESULTS

Figure 3 shows volumetric soil water content measured during a period of 48 hours for three
rain intensities: 4 mm/hr, 14 mm/hr, and 81 mm/hr. The point shown in the first 5-hour
period represents when runoff is first observed for each experiment. During each test, the
water content increases during the simulated rain event, levels out once soil is saturated and
rain is stopped, then gradually decreases until the decline can be considered negligible and
field capacity is measured. The results of Figure 3 show that the water content in all three
experiments reaches a maximum of around 0.12 when the soil is fully saturated and that the
field capacity reached is about the same for the three intensities, as shown by the dashed
lines, at 48 hours.

The findings presented in Table 1 show that the field capacities reached for the three
intensities range from 0.069 to 0.088, averaging 0.081. Table 1 also indicates that as rain
intensity increases, time to onset of runoff decreases.

Table 1: Field Capacity and Time to Onset of Runoff for Different Rain Intensities

Rain Intensities 4 mm/hr 14 mm/hr 81 mm/hr
Field C it m3 m3 m3
leld Capacity 0.086 — 0.088 — 0.069 —
Time to Onset of 2 hours 42 minutes 1 hour 30 minutes 14 minutes
Runoff
DISCUSSION

As seen in Figure 3, there is a noticeable increase in soil water content during each
simulated rain event. A greater rain intensity gives a sharper increase in water content.
Figure 3 shows that after water content has reached a maximum value of 0.12, the curve
remains at this value for a short time and rain is stopped. At this point, a gradual decrease in
water content can be noted in the three graphs. All three plots show an initial steeper
decrease directly after the rain is stopped followed by a more gradual decrease. At the time
when the curve becomes less steep, percolation occurs and the water begins moving out of
the large soil pores and is being replaced by air (Zotarelli, 2010). The water content curves
continue to decrease as water slowly drains from the soil. After 48 hours, the drainage rate
becomes negligible and field capacity is determined (Dingman, 2002). At this point, the
large soil pores are filled with both air and water, and the smaller pores are still full of water
(Brouwer et al. 1985). In general, green roof soil is made up of mostly large pore spaces
rather than the small pore spaces that contribute to water retention at field capacity (Stovin
et al. 2015). The mass median diameter of the soil particles at the Convention Center green
roof is 4.0 mm, suggesting a similar size for pore spaces (Wu, 1987). The soil porosity is

05122,
m

The results in Table 1 show that the rain intensity does not seem to have an impact on field
capacity. A particle size analysis of the green roof soil indicates the soil texture to be similar
to sand, which provides parameter values used in Equation 1. From this equation, the
predicted field capacity of the Convention Center green roof is 0.17. This value is also
smaller than the typical value of 0.3 noted by Jarrett (2009), although roughly double the
value measured in the current work. There is some uncertainty in the value generated by the
equation. Further analysis of the green roof soil texture will be completed in future work.
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Figure 3: Volumetric Water Content vs. Time for Rain Intensities of (a) 4 mm/hr (b) 14 mm/hr, and (c) 81 mm/hr

The average field capacity of a green roof is said to be about 0.3 (Jarrett, 2009). Therefore,
the field capacity measured in this project is low. Experiments are currently underway to
investigate this low value.
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CONCLUSIONS

A critical parameter of green roof models is the estimation of field capacity. The findings of
this work indicate that the field capacity for the green roof on the Convention Center in
Syracuse, NY is about 0.081. This result can be incorporated into green roof models to
predict maximum soil storage capacity under various conditions. The results of this project
also show that the time to onset of runoff decreases as rain intensity increases. This
information will help green roof designers improve the performance of engineered soil and
estimate how much runoff can be reduced. In addition, the use of a rain simulator and soil
moisture sensors can be valuable for collecting data on a small scale for a green roof that
does not have a monitoring system installed. This can be valuable for modeling green roof
performance in a variety of climates.
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ABSTRACT

The natural lighting of buildings plays an important role in creating a comfortable indoor light
environment and reducing the energy consumption of artificial lighting. Teaching buildings
have special requirements for the indoor light environment. Classroom glare, corridor backlit,
and low natural illumination in corridor are light pollution problems easily appear in teaching
building, which cannot be ignored in the design of teaching building. Regarding the issues
above, the paper took the Arts and Sciences Building of Xinyang Normal University as an
example, through the architectural modeling, space forms, facade effects and other features,
used VELUX simulation software to simulate the illuminance and daylighting parameters of
different sunroofs and provided solutions for classroom glare and corridor lighting. Ultimately,
the paper analyzed the building lighting energy saving schemes based on regional climate and
environment, and found out the best balance point for the energy saving design of lighting and
thermal environment, meanwhile, provided valuable and practical reference for lighting
design of corridor skylights in the region.

KEYWORDS
Teaching building, Natural lighting, Design strategy, Hot-summer and Cold-winter

INTRODUCTION

The architect Ludwig Mies Van der Rohe said: "The history of architecture is the history of
human struggle for light, the history of the window." The lighting discussed in the article
refers to the use of direct, reflective or other aids to provide natural light to the interior of a
building.

It is an important energy-saving means to optimize the design of lighting and shading for
public buildings with different functions. A good architectural light environment can improve
the visual comfort of indoor personnel, which also has a very important influence on people's
physical and mental health. The teaching buildings have many problems in natural lighting,
such as large lighting power consumption and glare which greatly reduce the quality of indoor
light environment.

For the study of the top lighting of public buildings, most of them are concentrated in the
skylight design for the space with large depth. It also has many research methods and design
strategies on indoor glare. In specific climate such as hot-summer and cold-winter area, for
the special lighting issues of teaching building including corridor skylight design, glare of side
windows and corridors lack of systematic research and solutions. Computer simulation is been
used to analyse the influence of inner corridor various factors on the natural lighting (Zhifang
Zhang, 2011). Hao Xie summarized several design points of the public building skylight. How
to put forward the corresponding design technology strategy for the special needs of education
building in light environment is the key to solve the indoor natural lighting problem.
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METHODS

Educational building lighting standards

Architectural lighting design standards (GB50033-2013) stipulated that the corridor lighting
of the teaching building should not be lower than the standard value of the lighting level V. In
this project, the illuminance of the area with roof lighting shall be 751x, and the lighting factor
shall be 0.5%.

Description of project

The comprehensive building for liberal arts and sciences to be built is in Xinyang Normal
University, including the roof skylight of Building A1, the corridors of Buildings D and F,
and the side windows of the classroom. The Building A1 has 12 floors, and the corridors are
illuminated by both sides of the windows. To achieve the Architectural Lighting Standard,
increase indoor comfort, 10-12 layers will add the skylight to meet the indoor light
environment requirements through the reasonable design of natural lighting. The side
windows in classrooms and corridors glare easily when it’s sunny. Therefore, effective
shading equipment is needed to avoid glare and create a good learning environment for
students.

Figure 1. The model of Arts and Sciences Building

Specific design content

Simulation software selection and parameter setting

The solar radiation conditions are determined according to the location of the area. In the
corridor lighting simulation, set the height of the reference surface to 1.5m, and the selected
weather conditions for the winter solstice cloudy day. VELUX natural lighting simulation
software is used to simulate the illuminance, daylighting factor and other parameters of
different skylights, in order to compare their lighting effects.

Corridor skylight design

The design of the skylight is based on the building lighting standards in the area, and
considering the balance of skylight lighting and heat collecting effects. Through simulation
optimization, the skylight design schemes suitable for the teaching corridor of the area are
analysed showed in Table 2.

Table 1. Advantages and disadvantages on skylights

Type of top light Advantages Disadvanteges
Flat skylight High lighting efficiency Easy to glare, higher heating load
Rectangular skylight Uniform daylighting, easy on ventilation Complex roof structure
zigzag skylight No glare Low lighting efficiency in winter
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Figure 2. Position of corridor skylight

Table 2. Design of the corridor skylight.

7th International Building Physics Conference, IBPC2018

Type of Design 1 Design 2
skylight Graphic Design parameter Graphic Design parameter
Total area: 20 m’ Total area: 24 m’
Flat skylight Two pl.eces2><2 rn2 Three pieces2x2 m
Four pieces1x3 m Area ratio of window
Area ratio of window to floor:1/19
to floor:1/23
North and south Window all aroundz
Rectangular ) Total area: 32.42 m
. Total area: 52.3 m .
skylight . Area ratio of
Area ratio of

zigzag skylight

window to floor:1/8.8

Total area: 28.42 m’
Incline: 40°
Interior surface:
White latex paint

window to floor:
1/14.3
Total area: 24.71 m’
Incline: 40°
Interior surface:
White latex paint

Corridor glare design research
Due to the climate characteristics of the hot-summer and cold-winter areas, shading facilities

are required to not only cover the sun radiation in the summer, but also allow the solar
radiation to enter the interior as much as possible in winter. Therefore, The selection of shade
strategies should be based on the climate characteristics of the area.
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Figure 3. a) Corridor plan in Building D , b) Classroom plan in Building F

RESULTS

Simulation result of corridor skylight

The VELUX simulation software was used to simulate the mentioned skylight design scheme,
and the minimum illuminance during the day and daylighting factor values under different
skylight forms were obtained. The simulation results are shown in the Table 3.

Table 3. Corridor skylight lighting parameters simulation results

Type of skylight Flat skylight  Rectangular skylight  zigzag skylight
Plan 1 Minimum illuminance
during the day (1x) 65.1 17.0 31.0
Lighting factor (%) 1.1 0.2 0.6
Plan 2 Minimum illuminance
during the day (1x) 84.6 138 214
Lighting factor (%) 1.3 0.2 0.4
a) b) c)

Figure 4. llluminance during cloudy winter solstice. a) Plan 2 of Flat skylight, b) Plan 1 of
zigzag skylight, c) Plan 2 of Rectangular skylight

Shading measures

After simulating the natural illumination in classrooms and corridors, it is found that the
classroom relies on one side window to light has different illuminance values. The area close
to side window is brighter. On the contrary, the area farther from the side windows is darker.
The indoor light environment is not ideal. It is clear that corridor will generate backlight
without shading measures. The simulation results are shown in the Figure 5.

a) b)

Figure 5. [lluminance during summer solstice day.a) Corridor, b) Classroom
According to the characteristics of building space, several applicable shading strategies are
selected and optimized.

Higher lighting side window

It is the side window set above the sight line that can be used in corridors and classrooms to
improve the illumination inside. According to Architectural lighting design
standards(GB50033-2013), The total area of the windows on both sides in corridors is
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determined to be 6.3 m’, The size of each side window is 2m X 1.6m, and 1.9 meters above the
ground.

Reflector

It can provide more natural light for the interior space while preventing excessive direct light
from entering the room which may create glare. The addition of reflectors can significantly
improve the uniformity of reference surface illumination. Indoor illumination uniformity from
small to large is arranged as: non-reflective plate <internal reflector <external reflector
<internal and external reflector.

" i .
__.. o

I

\
7
N

Outdoor reflector

Indoor reflector
a) b)
Figure 6. a) The principle of reflector, b) Separately controled venetian blinds.

Venetian blinds
The user adjusts the appropriate blade angle according to different seasons to maximize the
sunlight, so that the interior space of the classroom gets sufficient diffuse light. For buildings
that do not have separate lighting windows and landscape windows, separately controlled
blinds can be used to maximize the advantages of the upper and lower windows. Blinds used
for outdoor shading are usually made of galvanized steel, anodized aluminum or colored
aluminum and plastic (PVC). For ease of adjustment, the width of the external shading blade
is usually about 100mm, and the pitch of the blade is set to 90mm (Wei Yu, 2012).
Venetian blinds are mainly horizontal and vertical. Research test findings shows venetian
blinds of different rotation angles can block sunlight at different height angles and directions.

Table 4. The commonly setting method of venetian blinds
Venetian from Rotation method

Horizontal blinds Parallel to normal (Level 0°)
Rotate 45° counterclockwise (Level 45°)
Vertical blinds Parallel to normal (Vertical 0°)
Rotate 45° counterclockwise (Vertical 45°)
Rotate 45° clockwise (Vertical -45°)

DISCUSSIONS

From the above simulation results, it is found that when choosing plan 2 of plat skylight
whose area is 24m?, the natural illumination of the corridor can meet the requirements of the
lighting of the whole year. Both rectangular skylight designs are unable to meet the
requirements of natural light throughout the year for the three-tier walkway. However, their
windows open around to avoid glaring, moreover, they are easy to open that promote natural
ventilation and reduce mechanical ventilation and cooling energy consumption. The skylight
area used in the two designs of the zigzag skylight is the smallest area, and the simulation
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results do not meet the requirements. Due to the limitation of the skylight design position, it is

difficult to increase its area. The zigzag skylight design with a window angle of 40° and

interior surface of white latex paint is slightly lower than the requirement. The winter
illumination may be slightly lower, but the zigzag skylight is easy to open that can improve
indoor ventilation.

For some public buildings such as office and teaching buildings, the choice and design of

shading measures, if the main consideration is summer shade, an outdoor reflector is generally

installed to block the light with high solar elevation angle in summer and reduce building
cooling load. At the same time, it reflects light to interior ceiling and enhances secondary

reflections. When using a reflector to introduce light, it can also be used together with a

reflective ceiling to form a light guide system.

Through the analysis of corridor skylight design and the side window shading measures of the

project, the application technology of the teaching building light environment in the hot-

summer and cold-winter area can be obtained and is summarized as follows.

a) The flat skylight has the best lighting effect. If the natural ventilation in the corridor is
good, the skylight can be selected. The rectangular skylight and the serrated skylight can
be selected to improve the natural ventilation in the corridor.

b) It is more suitable to adopt higher side lighting window and vertical blinds in order to
solve the problem of backlighting in corridors. For the east side window of the corridor, it
can be set with vertical blinds rotated at a certain angle to avoid direct sunlight in the
morning which may generate backlighting, and to make the corridor brighter.

¢) In order to solve the problem of classroom glare, you can choose high side windows,
reflectors and venetian blinds.

CONCLUSIONS

Improve the natural lighting quality of teaching buildings is the key to creating a good
learning environment and improving people’s visual comfort. Through the rational use of
auxiliary equipment for daylight and sunshade, natural light can be effectively used and
controlled, which can not only achieve the purpose of energy conservation, but also can
produce distinctive architectural lighting effects. The paper took the Arts and Sciences
Building of Xinyang Normal University as an example, with the method of computer software
simulation, analysed the lighting design strategy of the corridor in teaching building and
shading measures applied to avoiding glare of the corridors and classrooms, ultimately
concluded the light environment design technology strategy suitable for the teaching building
in the hot-summer and cold-winter area which supported the light design of teaching building
in that area.
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ABSTRACT

The paper presents a comparative study between the thermal performances of a couple of
masonry walls with no insulation and then insulated with vacuum insulation panels and
expanded polystyrene. The research purpose is to demonstrate the superior thermal performance
of the vacuum insulation panels compared to common thermal insulation, in initial state and
even after 25 years in service. It also provides the steps to determine the effective thermal
resistance of the buildings elements insulated with vacuum insulation panels, considering both
local and geometric thermal bridges. Results emphasize that even after 25 years in use, the walls
insulated with vacuum insulation panels with reduced thickness possess a greater thermal
performance than that of the walls insulated with expanded polystyrene with common thickness.
This is one of the reasons for which this material should be improved and developed further for
the future buildings envelopes.

KEYWORDS
vacuum insulation panels, thermal bridges, steady-state, effective thermal resistance

INTRODUCTION

Vacuum insulation panels are composite nano insulation materials, consisting of a nanoporous
core encapsulated by a sealing envelope with multiple functions such as airproofing,
waterproofing and radiation thermal transfer blocking. Their thermal conductivity in initial state
is 4 mW/(mK), about 8-10 times lower than those of the common thermal insulation materials
such as expanded polystyrene or mineral wool. Also, even if the envelope is damaged and the
panel is filled with air, its thermal conductivity is the same as for the core material, i.e. 20
mW/mK for fumed silica, which is still approximately half of that of the expanded polystyrene.

In this paper, a comparative study is made between the thermal performances of several brick
masonry walls without insulation and then thermally insulated with expanded polystyrene
(EPS) and vacuum insulation panels (VIP), in different thicknesses. For each situation there are
determined the effective thermal resistances, taking into account the walls thermal bridges by
computing the related linear heat transfer coefficients. There are considered two types of
thermal bridges given by the walls corner intersection with a concrete column (see Figure 1)
and also by the walls intersection with a balcony slab (see Figure 2). At the same time, there
are computed the effective thermal conductivities of the VIP, considering the local thermal
bridges developed on their edges. These thermal bridges are analysed and computed in several
other studies (i.e. Tenpierik and Cauberg, 2010; Sprengard and Holm, 2014).

The layers of the analysed elements may be observed in the following figures. A levelling

rendering is applied on the masonry walls and then the VIP are installed. The panels are
protected on their exterior side by a layer of EPS and a decorative rendering. The mounting of
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the panels on the levelling layer and of the EPS on the panels is made by adhesion. The balcony
slab has a width of 1.00 m and is insulated both at its inferior and superior side.

Figure 1. Wall corner intersection - 1) insulated with EPS, ii) insulated with VIP

Figure 2. Balcony slab-wall intersection - i) insulated with EPS, ii) insulated with VIP

The analysis is made for the following situations: the walls and balcony slab without thermal
insulation, insulated with EPS having a thickness of 10 cm, 20 cm and 30 cm and insulated with
VIP of 2 cm, 3 cm and 4 cm, the latter being analysed both in initial state and also after 25 years
in service. The maximum chosen thickness of the vacuum insulation panels is the highest one
for the adhesion procedure. For larger thicknesses, the material requires a mounting system
which develops supplementary local thermal bridges. In the case of balcony slab - exterior wall
intersection where EPS is the analysed insulation, on the superior side of the exterior cantilever
slab it is considered a layer of extruded polystyrene with a thickness of 15 cm.

METHODS

First of all, there is computed a mean effective thermal conductivity of the VIP. The
determination considers the thermal bridges developed on the panel edges using a method from
literature (Tenpierik and Cauberg, 2007).

The design value of the centre-of-panel thermal conductivity is Acop=4 mW/(mK) in initial state
after production and Acop=8 mW/(mK) after 25 years in service, for the panels with envelopes
consisting in metallised polymer films (MF) (Heinemann et al, 2010). The difference is given
by an inherent decrease of the material thermal performance in time due to the increase of the
water content and internal pressure. Two types of panel envelope are considered in analysis:
MF?2 having a thickness of t=84um and a thermal conductivity of A=0.54 W/(mK) and MF3
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having a thickness of tr=97um and a thermal conductivity of A=0.39 W/(mK) (Berge and
Johansson, 2012). The panels have no gaps or seams between them, therefore their possible
influence on the edge thermal bridge is not considered. Having this data, there are computed
the linear thermal transfer coefficients yvip related to the thermal bridges developed on the panel
edges. Then, there are determined the effective thermal conductivities of the VIP having the
following dimensions: 300x600 mm, 600x600 mm and 6001500 mm and an average value is
calculated. The computation is made with the following formula:

d xXP
Ayipers = Acop + TEEZE [W/iK)) (1)

where: Avip.cop [W/(mK)] is the design value of the centre-of-panel thermal conductivity, wyip
[W/(mK)] is the linear thermal transfer coefficient developed on the panel contour, d [m] is the
panel thickness, P [m] is the panel perimeter and A [m?] is the panel area.

A next step in the analysis is the determination of the linear thermal transfer coefficients w
related to the considered walls thermal bridges: walls corner and wall-balcony slab intersection.
First of all, the unidirectional thermal resistance of the wall is determined:

1
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where: d; [m] is the layer i thickness, 4; [W/K] is the layer i thermal conductivity, o and oex
[W/m?K] are the superficial heat transfer coefficients at the interior and exterior surface of the
wall

Table 1. Thermal conductivities of the materials used (C107/3, 2008)

Material A [W/(mK)]
Brick masonry 0.55
Reinforced concrete 1.74
Renderings: interior, exterior, leveling, protection 0.93
Screed floor, sloped floor 0.93
Decorative rendering 0.7
Expanded polystyrene 0.044
Extruded polystyrene 0.04

The determination of the linear heat transfer coefficients y is based on a two-dimensional
steady-state modelling in Therm software in accordance with EN ISO 6946:2017. The
geometric models were designed according to the details presented in Figure 1 and Figure 2,
for each layer being given its corresponding thermal conductivity. Also, the models were built
taking into account the recommendations of the C107/3 standard which states that the cross
section limits have to be placed at minimum 1.20 m relative to the central element. The interior
temperature is considered Ti=20°C and the external one T.=-18°C. The walls superficial heat
transfer coefficients are oex=24 W/m?K (exterior side) and ain=8 W/m’K (interior side). The
limits of the cross-sectioned elements (wall, interior slab) are considered to be adiabatic. After
the input data is introduced, the software generates the discretization mesh, computing the
temperature and thermal flow values in each of its elements, using the Finite Element Method.
The model computation is characterised by the following parameters: the maximum dimension
of the grid elements is 25 mm, the maximum number of iterations is 50 and the maximum
computation error is 1%. Using the program output data, the linear thermal transfer coefficients
are computed with the following formula:
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W:M_L [W/mK] 3)
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where: liperm [m] is the thermal bridge length, Rierm [m°K/W) is the output R-value from Therm,
B [m] is the effective dimension of the linear thermal transfer coefficients y and Runiair [m°K/W)
is the unidirectional thermal resistance

Finally, using the computed linear heat transfer coefficients, the effective thermal resistances
of the walls are calculated for a 2 story building in accordance with EN ISO 10211:2017. Each
level is composed of four walls having the same geometrical characteristics: two walls of 3m X
3m and two walls of 3m x 6m. Also, the two stories are separated by a reinforced concrete slab
with a balcony cantilever on the building contour, having a width of Im. The balcony slab is at
an inferior level compared to the interior slab, according to the analysed details. The layers and
thicknesses of the walls and slabs correspond to the ones presented before (see Figure 1 and
Figure 2). The analysis is made for two inferior level walls and two superior level walls, the
other four walls of the system having the same characteristics. Each wall has a corner thermal
bridge for each of their lateral margins. The inferior level walls have a thermal bridge at their
superior edge given by the intersection with the balcony slab. In the same way, the superior
level walls have a thermal bridge at their inferior edge. The free margins (section margins) of
the walls are considered to be adiabatic.

RESULTS

Table 2. Linear heat transfer coefficients y related to the panel edges thermal bridges. Effective
thermal conductivities A of the panels considering these thermal bridges

. . yVIP yVIP AVIP.eff AVIP.eff
Panel dimensions R ..
[mm] Envelope type -initial- -25 years- -initial- -25 years-
[mMW/(mK)] [mW/(mK)] [mW/(mK)] [mMW/(mK)]
300 x 600 x 20 MF2 1.33 1.25 4.265 8.250
300 x 600 x 20 MF3 2.05 1.93 4.409 8.386
300 x 600 x 30 MF2 0.95 0.91 4284 8.273
300 x 600 x 30 MF3 1.47 1.41 4.442 8.423
300 x 600 x 40 MF2 0.73 0.71 4294 8.284
300 x 600 x 40 MF3 1.15 1.12 4.461 8.448
600 x 600 x 20 MF2 1.33 1.25 4.177 8.167
600 x 600 x 20 MF3 2.05 1.93 4.273 8.257
600 x 600 x 30 MF2 0.95 0.91 4.189 8.182
600 x 600 x 30 MF3 1.47 1.41 4.295 8.282
600 x 600 x 40 MF2 0.73 0.71 4.196 8.189
600 x 600 x 40 MF3 1.15 1.12 4.307 8.299
600 x 1500 x 20 MF2 1.33 1.25 4.124 8.117
600 x 1500 x 20 MF3 2.05 1.93 4.191 8.180
600 x 1500 x 30 MF2 0.95 0.91 4.132 8.127
600 x 1500 x 30 MF3 1.47 1.41 4.206 8.197
600 x 1500 x 40 MF2 0.73 0.71 4.137 8.133
600 x 1500 x 40 MF3 1.15 1.12 4215 8.209

According to these results, in the following computations a mean effective thermal conductivity
is considered: Avip.etro = 4.25 mW/(mK) — for initial state; Avipetr2s = 8.25 mW/(mK) — after 25
years in use.
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Figure 3. Linear thermal transfer coefficients of the analysed details
a) wall corner intersection, b) balcony slab-wall intersection — inferior level edge
¢) balcony slab-wall intersection — superior level edge
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EPS 10cm 2.4
EPS 20cm 3.9
EPS 30cm 5.2
VIP - initial, 2cm 4.1
VIP - initial, 3cm 5.4
VIP - initial, 4cm 6.5
VIP - 25 years, 2cm 2.7
VIP - 25 years, 3cm 35
VIP - 25 years, 4cm 4.2
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Figure 4. Average effective thermal resistance of the analysed walls

DISCUSSIONS

The results regarding the thermal bridges developed on the panel contour yvir validate the
findings from another studies (Tenpierik and Cauberg, 2007; Sprengard and Holm, 2014), for
the panels having Acop=4 mW/(mK), with MF type envelope and with no gaps or seams between
them. One may observe that the thermal bridges developed on the VIP edges after 25 years in
service are slightly lower (between 2.60%-6.40%) than those of the new panels, a phenomenon
which is more prominent as its thicknesses are lower (see Table 2). At the same time, the
envelope type influence the panel thermal performance. Between two panels with same
geometrical characteristics, the one with MF2 type foil has a lower linear thermal transfer
coefficient with about 54-58% than the one with MF3 type foil. Another aspect revealed by the
results is that the linear heat transfer coefficients related to the panels edges decrease with the
increase of its thickness.

As a consequence of these local thermal bridges, the panels effective thermal conductivity is
greater for those with MF3 type foil, compared to that of those with MF2 type (see Table 2).
The difference raises with the increase of the panel thickness and decrease with the increase of
the panel 2D dimensions: for 300x600mm — difference of 1.5-2%, for 600x600mm — difference
of 1-1.5% and for 600x1500mm — difference of 0.8-1%. At the same time, the panel effective
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thermal conductivity is greater than the centre-of-panel thermal conductivity with 0.124-0.461
mW/(mK) for the new panels and with 0.117-0.448 mW/(mK) after 25 years in service.

The thermal bridges of the analysed details are lowered by the use of thermal insulation (see
Table 3). In most cases, the thermal bridges of the wall corner detail (y1) with VIP are lower
than those of the same detail with EPS. Also, the thermal bridges at the inferior level edge of
the balcony detail (y2.1) with VIP have similar values to those with EPS. At the same time, the
thermal bridges at the superior level edge of the balcony detail (y22) with VIP have a rather
constant value, regardless of their thickness or age and they have higher values compared to the
details insulated EPS.

The effective thermal resistance of the walls insulated with VIP decrease with about 35% after
25 years in use, compared to their initial state, as shown in figure 4. However, one should note
that even in this situation, the thermal performance of VIP is comparable to that of the EPS, but
for a reduced insulation thickness of approximately 80%. The walls insulated with the panels
having a thickness of 4 cm develop an increased effective thermal resistance which recommend
this solution for the higher thermal efficiency building systems.

CONCLUSIONS

One of the directions in this research field is the continuous improvement of the existing thermal
insulation solutions and the development of new ones in order to increase the overall thermal
performance of the buildings. In this regard, the VIP may represent a leap forward, considering
its superior thermal performances.

The study reveals that even the VIP develop larger thermal bridges and their performance
decrease over time, the building elements insulated with this solution have a superior effective
thermal resistance compared to common solutions such as EPS. Therefore, the VIP may be a
suitable replacement for the traditional insulations, especially when there is required a reduced
insulation thickness.
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ABSTRACT

Applications of PCM-to-air heat exchangers (PAHXSs) were discussed in literature for free
cooling application due to their latent thermal storage abilities. This paper aims to justify the
generalization of a numerical model of PAHX and to compare the thermal performance of two
different configurations of PAHX system. A generalized numerical model is developed and
validated based on general apparent heat capacity method. The validation results show good
agreement of the generalized approach in terms of averaged error with the experimental data.
Model potential and limitations are discussed, and further recommendations are proposed to
improve model accuracy. The paper ensures the significant potential of a PAHX ventilated
facade configuration in free cooling applications.

KEYWORDS
Latent thermal storage, PCM-to-air heat exchangers, phase change materials, free cooling.

INTRODUCTION

The general awareness of using latent heat thermal energy storage (LHTES) systems has been
growing widely due to their increased storage capacity, system efficiency and durability.
Phase Change Materials (PCMs) are being used in building applications due to their latent
thermal storage abilities. One of the efficient passive cooling concepts is utilizing night cold
energy to be re-supplied at hot period of the next day; this needs involving a thermal storage
process. Integrating this free cooling concept with a LHTES system can provide an acceptable
indoor environment for building occupants. Applications of PCM-to-air heat exchangers
(PAHXs) have been widely discussed in literature for free cooling applications. Those
applications can be classified into two main configurations: system equipment as a part of
ventilation systems, and ventilated facades as improved building envelopes. Both types
involve convective heat transfer process between air and PCM.

It can be inferred from literature of integrated PAHX ventilation system configuration that
maintaining supplied air temperature that achieves indoor thermal comfort is a current system
limitation. Several studies reported that insufficient difference between phase change
temperature (PCT) range and inlet temperature during charging affects system storage abilities
and overall thermal performance (De Gracia et al. 2015; Waqas and Kumar, 2011). Using a
hybrid system of PAHX and a direct evaporative cooling unit, Panchabikesan et al. (2017)
experimentally found that the hybrid system increased the cooling potential by reducing the
inlet air temperature during PCM solidification. Some studies confirmed the potential of using
multiple PCMs in free cooling systems to satisfy workability under high inlet temperatures
(Mosaffa et al. 2013). Regarding long-term applications, applying same PCM affects the
annual system performance due to changing of ambient temperature profiles in various
seasons, consequently, standalone PAHX system cannot maintain indoor thermal comfort all
year-round; thermal management is required in such cases (Osterman et al. 2015). On the
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other hand, PAHX ventilated envelope configuration showed some achievements in free
cooling applications, De Gracia et al. (2013) showed that direct free cooling had a high
potential in reducing the cooling loads, however, insufficient difference between night
temperature and PCT during solidification results in low system energy storage. Some other
studies assured the system cooling potential when combined with night ventilation strategy
(Jaworski, 2014; Evola et al. 2014, El-Sawi, et al 2013).

It can be inferred from the literature that PAHX ventilated fagade configuration has lower
performance than the ventilation system configuration. This paper investigates the
performance of the two configurations of PAHXs. By monitoring system outlet air
temperature, the current work investigates PAHX system parameters of both configurations
that achieve same thermal performance. The main goal of this paper is the justification of a
general numerical model of PAHX to be used efficiently in both configurations by designers
and building developers. Also, this paper investigates the effect of numerical model
generalization on the overall PAHX thermal behavior.

METHODS

In this study, a generalized numerical model for PAHX is proposed and validated based on
developments of an earlier version of the model. The model proposes an energy balance
approach over number of control volumes to represent the system three media of heat transfer:
air flow, encapsulation material and PCM. Full model nodal discretization and heat balance
equations are described in detail in (Stathopoulos et al. 2016). Expression of latent heat
storage during the phase change of the PCM is achieved by monitoring the change of heat
capacity (c,) values over the temperature range for each control volume. This apparent ¢,
method assumes fixed rate of heating/cooling during the latent heat transfer process. An
earlier version of the numerical model was proposed by Stathopoulos et al. (2016) based on an
improved apparent ¢, method that proposes multiple values of ¢, due to different
heating/cooling rates. This method is based on measurements data using Differential Scanning
Calorimetry (DSC). Using a developed version of model, this study is performing a
comparison between general apparent ¢, model and improved apparent ¢, model proposed by
Stathopoulos et al. (2016) to test the thermal performance of the two configurations of
PAHXs: integrated ventilation system configuration, and ventilated envelope configuration.

Model potential and limitations

The model has good potential in terms of predicting the outlet air temperature due to the
accurate evolution of ¢, values over temperature. PCM thermal conductivity, density and
volume are interpolated over temperature through phase change range. The model can auto-
generate air density value according to air temperature. However, the early version of model
discussed by Stathopoulos et al. (2017; 2016) showed some limitations in terms of its
dependency on experimental data. Inlet air temperature and volume flow rate were
represented to model every time step; these values were obtained from experimental data.
Also, both cooling and heating curves for ¢, were determined based on different
cooling/heating rates of DSC measurements. Although these procedures provided better
model accuracy, the dependency on experimental data obstructed the model applicability for
broad investigations instead of single case study. Moreover, the model used a fixed input
value for convective heat transfer coefficient, 2. As mentioned by authors, the model also
neglected the natural convection inside PCM, and long-wave radiation heat transfer between
PCM plates. In this paper, further developments are made in terms of generalization of the
model to be applicable for broad investigations. Also, the developed model promotes the
applications of different PAHX configurations.
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Justification of general apparent heat capacity method

Heat capacity value is a key factor in model accuracy. Stathopoulos et al. (2017) proposed the
improved apparent ¢, model using the experimentally obtained values of ¢,, shown in figure
1-a, as model input. They also divided the system to three consequent parts (inlet, middle and
outlet) assigning different cooling/heating curve for each part. Towards model generalization,
the ¢, values are reconsidered as average values for each curve maintaining the same
approach of multiple curves for ¢, as presented in figure 1-b. In this case, an average value of
¢, 1s introduced for each curve. Moreover, this approach still requires knowledge and access
to the measured values of ¢, to calculate the average values. Towards tackling the model
limitation of obstructing the broad applications, current model developments assume having
two curves for heating and cooling, as shown in figure 1-c. This approach assumes one fixed
rate for cooling/heating along the system, which is the original assumption of apparent heat
capacity method. This assumption was previously discussed by Stathopoulos et al. (2017) and
was claimed to have less accuracy than the improved apparent ¢, method due to the
differences in heat transfer rate along the PCM plate. Despite the expected less accuracy, this
approach can be beneficial to formulate a platform for system designers based on data sheets
of ¢, cooling and heating curves provided by PCM suppliers. In this paper, investigations for
the general apparent ¢, approach will be conducted to justify its acceptability and validity
with experimental data.

a) b) c)
Figure 1. Heat capacity heating and cooling curves for PCM Microtek 37D a) improved
apparent c, method, b) ¢, average values, ¢) general apparent ¢, method

Experimental installation

The experimental investigation of PAHX ventilation system type (configuration 1) was
illustrated in-detail in (Stathopoulos et al. 2016). A flat plated encapsulation of 16 aluminum
PCM plates were investigated under various airflow rates. Microtek 37D paraffin was used as
PCM (melting temperature 37.0°C and latent heat of 230 kJ/kg). The total dimensions of the
heat exchanger were 1.05m in length, 0.75m in width and 0.25m in height; it contained 31.8kg
of PCM. Airflow and air temperature were actively regulated and controlled to the desired
velocity and temperature. Inlet temperature varied from around 44.0°C during melting phase
and 26.0°C during solidification phase. The available experimental data are for around 15
hours (1.0 hour introductory — 9.0 hours for melting — 5.0 hours for solidification). Sensors
were installed within the heat exchanger to measure: PCM and encapsulation surface
temperatures in three locations (inlet, mid, and outlet parts), inlet and outlet air temperatures,
and airflow rate.

RESULTS

Figure 2 presents the results of the validation for different numerical models with the
experimental results. The results show the evolution of system outlet air temperature under
volume airflow rate of around 300 m3/h during both melting (discharging) and solidification
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(charging). There are three presented numerical models based on the different ¢, values
discussed earlier: 1- the improved apparent ¢, model tested by Stathopoulos et al. (2016) with
experimentally obtained values of ¢, 2- the model that is based on developed average values
of ¢,, and 3- the generalized apparent ¢, model that is based on simplified ¢, values. The
results show that considering an average value for each ¢, curve is very close to the improved
apparent ¢, model. The generalized apparent c, model shows some discrepancy with the
original model and experimental results due to the simplified approach of ¢,. For
investigating the discrepancy level of the generalized model, a percent error test is performed
for both improved and generalized apparent ¢, models. Figure 3-a shows the percentage of
error of both models compared to experimental data. The results show that both models
exceed 10% of error percentage with the experimental data only at the start of each phase
changing. Otherwise, the error for both models remains below 10% with the experimental
data. In terms of the average error, improved apparent ¢, model shows average errors of 3.2%
and 3.7% during melting and solidification respectively with the experimental data. While the
general apparent ¢, model shows average errors of 3.9% and 4.6% during melting and
solidification respectively with the experimental results. In comparison with the improved
model, the generalized apparent c,, model shows up to 7% of percent error.

Figure 2. Validation of different models with experimental data

Comparison to ventilated envelope configuration

Using the generalized apparent ¢, model, a comparison between the previous investigated
PAHX ventilation system unit (configuration 1) and a ventilated envelope PAHX type
(configuration 2), shown in figure 4, is held to monitor the thermal performance of the two
configurations. In both configurations, inlet air temperature is fixed to two values: 44.0°C
during melting and 26.0°C during solidification. Airflow rate is fixed to 300 m/h.
RUBITHERM RTS35 is used as a storage medium with thermal properties mentioned in table
1. Two curves for heating and cooling for ¢, values are applied and presented at figure 5. The
total PCM volume is 0.052 m3. PAHX ventilated fagade configuration variables are
mentioned in figure 4, with total PCM volume of 0.064 m®. It is worth mentioning that the
objective of this investigation is the comparison between the two configurations and not
obtaining the best thermal performance of the system. The results, shown in figure 3-b, prove
that with almost the same volume of PCM, both configurations show significant conformity
with values of outlet air temperature profile.
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a) b)
Figure 3. a) Percent error analysis of original and generalized models b) Outlet air temperature
of PAHX different configurations

Table 1. Thermal properties of PCM RUBITHERM RT35

Melting range  Solidification =~ Heat Storage  Specific heat Density Thermal Volume
range Capacity capacity conductivity expansion
29-36 °C 36-31°C 160 kJ/kg 2.0 kJ/kg.K 0.86 solid / 0.77 liquid 0.2 W/m.K 12.5%

A complementary study is conducted to test the indoor thermal performance of a ventilated
facade PAHX type with the given configuration using TRNSYS. A standalone test unit of
volume 27.0m? (3.0*3.0*3.0) is proposed with a northern window of 1.0m? and a heavy
construction of stone walls (0.3m thick) and concrete roof slabs (0.25m thick). Two systems
are compared: the PAHX ventilated facade system, and a conventional ventilation system with
the same airflow and inlet temperature as the numerical model. The results show that 4.6% of
the cooling loads can be saved during 5.0 hours of PAHX system operation.

System length (airflow

direction) 2.0m
(| System width 1.6m
. PCM panel thickness 0.02m
Air channel 0.02m
No of air channels 2
e | T PCM volume 0.064m’
Figure 4. Ventilated envelope PAHX configuration Figure 5. RT35 apparent ¢, curves

DISCUSSIONS

With the validation of the general apparent ¢, model, the discrepancy at the end of each phase
change process is noticed. It means that with the simplified ¢, approach the system tends to
consume its storage capacity faster than the actual behavior. Accordingly, it can be noticed
from the percent error analysis that the general apparent ¢, model shows up to 10% as a level
of discrepancy, and 3.9% and 4.6% as average errors during melting and solidification
respectively with the experimental data due to consideration of system storage capacity.
However, one of the advantages of the general model is its in-dependence of the spatial time
constrains. Time step, discretization length and investigation duration can be adapted to
desired conditions. Regarding general model limitations, the model still uses a fixed input
value for convective heat transfer coefficient. Also, the natural convection inside PCM during
melting and liquid phase is still neglected. It is expected that model accuracy can be enhanced
when heat transfer coefficient is calculated according to airflow conditions. Also, it can be
inferred from the results of comparison between the two configurations of PAHX system that
the governing parameter in determining PAHX thermal performance is the volume of PCM.
Both configurations have almost the same PCM volume and, as reported in results, the both
outlet temperature profiles show the same behavior with great level of consistency, especially
during solidification process. PAHX ventilated facade configuration shows promising
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potential for free cooling applications; it is recommended to improve the model by developing
the convective and radiative heat transfer boundaries.

CONCLUSIONS

A generalized numerical model of PCM-to-air heat exchangers is developed and validated in
this paper based on general apparent heat capacity method. A simplified approach for
implementing heat capacity cooling and heating curves is presented and validated with
experimental data. The general approach showed some discrepancies with experimental data.
Using a percent error test, the average error of the general model was 3.9% and 4.6% during
melting and solidification processes respectively. Referring to its ability of broad applications,
the developed general model is very beneficial to building designers due to its in-dependence
from experimental data as model inputs. Using the developed general model, a comparative
analysis between PAHX ventilation system configuration and a ventilated envelope PAHX
configuration is conducted. The study proved that PAHX ventilated facade type has promising
potential for free cooling applications.
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ABSTRACT

This work highlights the BIPV potential in two urban areas with different characteristics at the
city of Prague. Representative building blocks were selected and CitySim software tool was
used for the assessment of the hourly irradiation profiles on each surface over one year period.
Considering appropriate irradiation thresholds, suitable surfaces were then quantified.
Integration criteria are discussed and suitable BIPV applications are proposed considering not
only energy performance but also their impact on the quality of built environment. Results
indicated that only 5.5% of the total area can be used in Vinohrady and 13.7% in Jizni Mesto
contributing on average by 32% and 31% on the hourly electricity demand respectively.

KEYWORDS
Building-integrated photovoltaics, solar potential, architecture, load matching

INTRODUCTION

The building sector is the major consumer of energy, accounting for around 40% of the
worldwide consumption (UNEP, 2012). On the road towards Low or Zero Energy Buildings,
renewable energy harvesting becomes compulsory and thus photovoltaic systems are expected
to be the main technology to generate on-site electricity. PV systems have great potential to be
used in the city context through various BIPV products (Shukla et al., 2017). Rooftop PVs are
so far considered to be the most common application since it provides the best annual energy
harvesting. However, due to significant decrease in prices and technological improvements in
PV industry, building facades now represent good potential especially for high-rise buildings.
Successful integration of PVs into a building requires both technical and architectural
knowledge.

In this context, a suitable procedure is needed to assess the solar potential and propose PV
concepts based on the characteristics and cultural aspects of the location. This paper aims to
analyse the PV potential of two locations within the city of Prague. Considering the solar
availability and shadings for the surrounding buildings, the available area for installation is
determined and suitable PV applications are proposed considering all the constraints imposed
form the locations and building morphologies. Finally, suitable index is used to investigate the
interaction between on-site generation and building’s electricity demand on hourly basis.

METHODS

Location characteristics

Two urban areas in the city of Prague with different characteristics were selected and used for
analysis and comparison. A representative building block, constitute of residential buildings,
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was selected for each location as presented in Fig.1. Case one, Vinohrady, is within a high dense
area of the city centre with considerable architectural and cultural value. Houses built around
1900 are characterized by sloped roofs in different shapes and heights. Case two, Jizni Mesto,
is a suburban area built in 1970es. Prefabricated high rise buildings are characterized by simple
shape, flat roofs and big vertical facades with balconies on South and West orientation.

Figure 1. Aerial view of the selected locations in a) Vinohrady and b) Jizni Mesto.

Solar PV potential

Appropriate 3D models for each building block were prepared based on the geometry of the
buildings, including dimensions and shape of the roof superstructures (dormer, chimney, etc.).
Building surfaces were divided according the floor level, excluding areas that for some reason
cannot be considered for PV integration (e.g. north facade). Radiation on building surfaces is
commonly influenced by the near environment and thus were the heights of the surrounding
buildings, trees and elements in each direction were considered in the model for the evaluation
of shading. Afterwards, the 3D model was imported to CitySim Pro, an urban energy modelling
tool developed at LESO-PB/EPFL, for further analysis. Incoming solar radiation was calculated
in hourly values, according to the type of the building surface and the climate data collected by
a nearby meteo station. For each building surface was defined by its area, orientation and tilt
angle. Finally, percentage of solar obstruction were calculated as the ratio of the solar radiation
within the surrounding context to the one without the surrounding obstacles. Hourly values
were solar weighted, annual shading index (S7) was derived according to Eq.1, where F; is
the hourly shading factor of each building surface, G; is the hourly and G; the annual solar
radiation respectively.

N=8760
— Zi:l FsnGi
Gt

SI (1)

Once the radiation values on each surface are available, they can be analyzed to assess the PV
potential. For this purpose, an irradiation threshold was used indicating the minimum amount
of annual radiation required for PV system to be beneficial. Such thresholds are somewhat
arbitrary; conservative value of 800 kWh/m?annually is proposed by many authors (Li et al.,
2015), while others define it as a percentage of the horizontal insolation (Vulkan et al., 2018).
Considering the technological progress and enormous decline of PV costs within last decade,
approximately 58% according to (Maturi et al., 2017), lower values such as 650 kWh/m?
(Kanters et al., 2014) are still reasonable. To this end, PV potential calculated as the relative
fraction (percentage) of the roofs and facades of the buildings that can be used for PV
integration. Based on the area of the suitable surfaces a simple model was applied to quantify
the annual energy output (Err) of each building block according to Eq.2:
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Epy =1 % PR+ Lol (I x A)) 2

,where 7 is the PV conversion efficiency, PR is the performance ratio representing all system
losses (mismatch, inverter..), namreshold 1 the number of surfaces exceeding irradiation threshold,
I; is the cumulative insolation (kWh/m?.year) and 4, the relative area (m?) of surface i.

Afterwards, data for the annual electricity consumption of representative buildings in each
location, were collected and analyzed in hourly basis according to the occupants (REMODECE,
2008) and typical user profiles (Stan€k, 2012). Based on the peak loads and the selection criteria
that apply in each location, PV systems were sized properly, while load match index (Voss et
al., 2010) was used as indicator of the hourly self-consumption of the PV generated energy.

BIPYV integration criteria

It is evident that excessive use of PV systems can often have an adverse effect on the build
environment and thus criteria and recommendations about dimensioning and positioning are
needed. In order to select an appropriate BIPV application, both technical, architectural and
economical aspects should be included. In case of Jizni Mesto, there is no limitations arising
from the near environment and thus several scenarios and PV technologies can be considered
(Fig.2). High performance modules can be installed on flat roof of the buildings horizontally to
camouflage the installation or tilted to optimize performance. On vertical facades, PV modules
should be grouped together in an ordered way creating unique textures (e.g. horizontal stripes).
In this context, ceramic panels or solar glazing in various colours (Jolissaint et al., 2017) could
be a solution, providing good durability and aesthetic quality. Finally, complementary building
elements such as windows and existing balconies are well suited to support PV integration
representing good compromise in terms of energy performance and aesthetics. In addition,
optimized semi-transparent PV elements could be used as shading devices to increase indoor
thermal comfort by mitigation of overheating during summer, but still to provide daylighting
and to make use of passive heating during winter (Skandalos et al., 2018).

Figure 2. Examples of architecturally integrated PV systems in the two building blocks: (1) PV
balconies. Source: Etsprojects; (2) Coloured PV-fagade. Source: Swissinso; (3) Roof-added
PVs. Source: Cromwellsolar; (4) PV tiles. Source: Tradeford; (5) PV shutter and PV blinds.
Source: COLT international, Solargaps; (6) PV terrace. Source: (Lopez and Frontini, 2014).
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On the other hand, BIPV integration in the sensitive built environment such as Vinohrady
district, is a more challenging task. Applicability of conventional PV modules in buildings with
strong architectural or cultural value is limited. Since the full integration and imperceptibility
of the technical elements from the public domain is the most important criteria for the
acceptance of the BIPV within the historical context (Munari Probst and Roecker, 2015), small
scale highly innovative PV products are needed. Suitable surfaces are limited to the sloped roof,
flat terraces and vertical facades facing to the courtyard. Based on the geometry of each surface,
BIPV applications such as solar glazing or PV tiles, balustrades and PV shutters (Fig.2)
constitute effective practices of integration in the building envelope providing a balanced
solution between technical and architectural standards as defined in (Frontini et al., 2012).

RESULTS & DISCUSSION

Solar PV potential

Results from solar analysis in both locations are presented in form of annual irradiation colour
map (Fig.3). As expected, best solar resources were observed for sloped roofs facing south
(Vinohrady), exceeding the 1200kWh/m? annually. However, different roof typologies were
recognised and thus solar potential varies according to its slope and orientation. Relative results
for the flat roofs of Jizni Mesto were slightly lower (around 10%), but still exceed the irradiation
thresholds. Conversely, facades in both locations found to receive significantly lower level of
irradiation, especially the ones on East and West facade. This is also explained from the
increased shading factors. Average solar obstruction can reach up to 57% for a building in
Vinohrady (high density) and 22% in Jizni Mesto respectively. Consequently, only a small
portion of the total building area can be considered as suitable for PV integration. Percentages
for buildings in each location vary between 5-18% in Vinohrady and 15-27% in Jizni Mesto
respectively.

Figure 3. Annual solar irradiation map for each building block in a) Vinohrady and b) Jizni
Mesto.

With respect to the hourly irradiation profiles, maximum PV potential in each location was
calculated and presented in Fig.4. PV modules were assumed to be installed at the same plane
with the building surface considering typical values for the conversion efficiency (#) according
to the BIPV application (#=15% for roofs and #=8% for facades/balconies/glazing). For
Vinohrady, annual PV generation could be up to 440MWh with peak generation in July (62
MWh). However, 58% of that energy is related to the building surfaces facing streets and thus
could not be considered according to the criteria discussed in previous section (Fig.4a). Similar
results for the Jizni Mesto revealed 2.7 times higher PV potential (1100 MWh/annually) with
relative contribution from roof, facades and balconies by 49%, 45% and 6% respectively (Fig.
4b).
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Figure 4: Monthly PV potential for the building block in a) Vinohrady and b) Jizni Mesto based
on the selected irradiation thresholds.

System evaluation

Hourly peak loads were calculated and used as indicator, together with the criteria discussed in
previous section, to size properly the PV systems in each building. Consequently, suitable PV
systems were considered and results regarding the interaction between electricity consumption
and generation are presented in Fig.5 for both locations. Despite the PV potential in Vinohrady,
available space is limited to only 5.5% of the total building area due to the integration criteria
applied. It is obvious that the generated energy is not enough to cover the loads of the building
block (Fig.5a). However, almost all the generated PV energy can locally be used within the
building block and it is enough to compensate on average by 38% (max value of 49% per
building) the hourly electricity demand. In case of Jizni Mesto, there is no such limitations and
thus 19% of the area can be used according to the irradiation thresholds. In that case, PV
generation is enough to cover the electricity demand during the summer period, but also leads
to excess of energy for 35% of the PV operation time (hourly). Therefore, better interaction
between generated and consumed electricity is needed to increase the self-consumption of the
buildings providing more efficient performance. If maximum load matching is taken into
account, integration will be limited to only 13.7% of the total building area leading to lower PV
generation (Fig.5b). Alternatively, excess of energy can be used for cooling purposes since peak
production coincides with peak cooling demand. Analytical results, regarding maximum load
match index (hourly intervals) between the buildings in Jizni Mesto found to be 43%.

CONCLUSIONS

Two representative building blocks, with different characteristics and level of preservation in
the urban context of Prague, were selected and analysed for their hourly solar radiation per unit
area according to the local weather data. As expected, most of the potential is intrinsically
related to roofs, while facades suffer more the shadowing effect caused by the surroundings.
According to the integration criteria and energy consumption applied in each location, suitable
PV systems were proposed. Only small part of the building area can be used, varying from 5.5%
for Vinohrady and 13.7% for Jizni Mesto. Interaction between electricity demand and
consumption revealed that proposed PV systems could compensate on average by 32% the
hourly energy demand in Vinohrady and by 31% in Jizni Mesto. It is evident that even in areas
with sensitive built environment adoption of solar energy is still possible for balancing local
electricity needs. Further work is needed to assess the indirect effect (thermal, daylighting) of
the proposed solutions. Also economic assessment based on the actual market conditions (BIPV
prices, installation costs and electricity tariffs) will also reveal the profitability of the proposed
solutions.
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Figure 5: Annual electricity consumption and generation of the proposed PV system together
with maximum potential according to irradiation threshold (800kWh/m? year) based on
monthly data for a) Vinohrady and b) Jizni Mesto.
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ABSTRACT

In the last decades a variety of high-energy efficient solutions for building envelopes were
developed and tested for enhancing indoor thermal comfort and improving indoor
environmental quality of private spaces by learning from nature. To this aim, adaptive
solutions, conceived thanks to green and bio inspiration, were designed and constructed in
various climate conditions and for a variety of building uses. Given the huge population flow
toward urban areas, well-being conditions in the public spaces of such dense built
environment are being compromised, also due to anthropogenic actions responsible for
massive environmental pollution, local overheating, urban heat island, etc. Moreover, this
process is exacerbated by temporary phenomena such as heat waves. Therefore, outdoor
spaces are becoming increasingly less comfortable and even dangerous for citizens, especially
if they are affected by general energy poverty, with no chance for active systems management
for air conditioning, or health vulnerability. In this view, this study concerns the first concept
for the development of a simple and adaptive nature-inspired solution for outdoor thermal
comfort enhancement and local overheating mitigation for pedestrians. The system will be
evaluated in terms of the cradle-to-cradle approach and the initial performance assessment is
carried out via thermal-energy dynamic simulation. The final purpose will be to design
outdoor “alive” shading system to be applied in open public spaces, with evident physical and
social benefits.

KEYWORDS
Bio-inspired solutions; Biomimetics; Biophilic cities; Outdoor thermal comfort; Thermal-
energy dynamic simulation.

INTRODUCTION

Nowadays, a topic with increasing relevance is how an exterior space affects physical,
physiological, and psychological well-being. The achievement of comfortable outdoor spaces
and microclimate in urban environments is, indeed, fundamental since those spaces are where
social activities happen, people gather/socialise, but also connect the indoors with nature
(sun/green spaces). Architects and designers were inspired by nature since long before the
term biomimicry (biometics or bio-inspired architecture) was introduced. In the past,
architecture featured ornamental design influenced by nature, and this tendency was
accentuated by turn-of-the century Catalan Modernism (Spain) or Art Nouveau (Belgium) as
examples. Nowadays, a methodological approach to assess innovation was developed through
merging bio-inspiration and sustainability based on the reintegration of basic bio-inspired
principles into material systems of humankind (Horn et al. 2018). Biomimetics is a rapidly
growing discipline in engineering, and an emerging design field in architecture. In
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biomimetics, solutions are obtained by emulating strategies, mechanisms, and principles
found in nature (Badarnah 2017). Therefore, the study of green infrastructures providing
benefits not only in terms of outdoor thermal comfort, but also for the built environment
located in their close proximity may represent a further mitigation and wellbeing opportunity.

In this context, plants have also the capability to transform global solar radiation that reaches
their surfaces into biomass, oxygen, air humidity, etc. (Pacheco-Torgal et al. 2015).
Furthermore, biophilic spaces, those that learn from nature and emulate natural systems, must
be considered for the development of cities. In fact, a biophilic city is a city in which residents
are actively involved in experiencing nature (Beatley & Newman 2013). Moreover, biophilic
urbanism can complement urban greening efforts to enable a holistic approach, which is
conducive to comprehensive, intentional, and strategic urban greening (Revee et al. 2015).
Different studies about outdoor thermal comfort showed that the sun sensation coming from
solar radiation has the most significant influence on human thermal sensation in outdoor
spaces (Yang et al. 2013). On the other hand, pedestrians usually inclined to green areas
within the urban environment. This increase of vegetation, combined to other solutions,
showed the most significant impact in summer overheating mitigation and urban resilience to
anthropogenic climate change (Piselli et al. 2018).

Within this background, there is a lack of information about how greenery shading systems
can influence outdoor thermal comfort in the inter-building space. Therefore, the purpose of
this work is to study a simple and adaptive system of bio-inspired architecture connected to
the building for the improvement of thermal comfort in the outdoor inter-building space.
Therefore, this strategy is able to mitigate the build environment and the urban heat island
phenomenon (UHI) as bottom-up approach. The other aim of the paper is to simulate the
outdoor thermal comfort with greenery, since there are no previous studies concerning that.
Moreover, the selected materials are meant to produce the minimum impact in terms of
cradle-to-cradle vision.

METHODS

Description of the concept

The design was created with different spaces that can provide thermal comfort to outdoor
users (Figure 1). Two main objectives were pursued: (i) to reduce the incidence of the direct
solar radiation to achieve higher visual comfort, and (ii) to mitigate surface temperatures of
the connected buildings and the air temperature in the inter-building space to achieve thermal
comfort. In fact, the system did not seek to create a stand-alone piece at the outdoor. On the
contrary, the intervention tried to strengthen the key assets of surrounding buildings, creating
an extension of the existing buildings that it may be.

Figure 1. The shading system proposed.

The shading system was composed of two interwoven systems of ropes running freely
between the two buildings. The ropes connected on the middle creating a bench where people
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could sit. The new three-dimensional surfaces created shadings of varying densities that
reconfigure the original outdoor space into a more confined and enclosed space. The confined
space changed constantly with shadows produced by the rope and greenery systems (using
deciduous plants) depending on the season since the solar irradiance is different for each one.
Thus, the inter-building space became an ever-changing stage that responded to the movement
of the visitor, the changing patterns of light through the day, and the outdoor thermal comfort
depending on the season. The selected specie, i.e. Boston Ivy (Parthenocissus Tricuspidata), is
a deciduous specie well adapted to the Mediterranean Continental climate.

The performance of the system was simulated in this study to demonstrate its potential in sites
requiring context-specific real-time responses. The system was modelled under the case study
climate context of Lleida, Spain, with Continental-Mediterranean weather conditions, i.e. Csa
(warm temperate, dry and hot summer) zone according to Koppen-Geiger climate
classification (Kottek et al. 2006). To improve the efficacy of the proposed system in terms of
cradle-to-cradle, the materials selected for the prototype corresponded to: (i) Wood structure
to support the shadow shading system. This wood structure includes a bench integrated in the
basement structure with a substrate for the climbing plants that will grow on it. (ii)) Ropes
made of natural fibres for the shading system. (iii) Climbing deciduous plants.

Thermal-energy dynamic simulation

For the system modelling and thermal-energy assessment, EnergyPlus v8.1 simulation engine
(Crawley et al. 2000) with DesignBuilder v4.7 graphical interface (DesignBuilder software
Ltd, 2016) were selected. The following steps were followed in the simulation process:

- Building geometry modelling based on the designed drawings and technical
specifications.

- Characterization of the architectural elements and their thermal properties.

- Proposed shading system modelling and characterization: the rope-based shading
system with greenery was modelled as a solid obstacle, characterized by rope
properties. This configuration was considered an acceptable approximation due to the
unavailability in the software of a model for stand-alone green infrastructures
implemented in outdoor areas, i.e. not integrated in the building envelope.

- Run of hourly simulations for the hottest week in summer (i.e. July 15th to July 23rd),
with the more regular outside temperatures along the season.

- Analysis and comparison of the performance of different scenarios for the outdoor
shading system in terms of thermal conditions under the shading and external surface
temperatures of the shaded buildings.

The statistical weather file of the city of Lleida from the EnergyPlus database (U.S. DOE
BTO, 2016) was used for triggering the model in the calculations. Different scenarios were
defined for the proposed system in order to evaluate the impact of shading percentage of the
system, i.e. the amount of vegetation growth on the rope-based system. To this aim, the
different scenarios were modelled by varying the transmittance capability of the solid
obstacle. Therefore, the studied scenarios (Figure 2) were those proposed by Ng et al. (2012):
- Covered 0%: Without greenery, i.e. solar radiation transmittance equal to 1.
- Covered 33%: With greenery covering 33% of the structure, i.e. solar radiation
transmittance equal to 0.67.
- Covered 67%: With greenery covering 67% of the structure, i.e. solar radiation
transmittance equal to 0.33.
- Covered 100%: With greenery covering 100% of the structure, i.e. solar radiation
transmittance equal to 0.
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The purpose of the numerical simulation was to study the influence on the surface
temperatures of the buildings connected and shaded by the system (east and west walls were
selected since are those which receive more solar radiation in summer) and to study the
variation of temperatures below the system depending on the coverage. To this aim, the inter-
building area below the shading system was modelled as an internal thermal zone,
characterized by thin air layer envelope and high air infiltration and ventilation to approximate
outdoor conditions to the best.

b) d)
Figure 2. The four different scenarios of the shading system. a) Without greenery, b) With
greenery covering 33%, c¢) With greenery covering 66%, d) With greenery covering 100%.

RESULTS AND DISCUSSION

As the external wall surface concerns (Figure 3), significant differences were observed
between the four scenarios. More in detail, the maximum variation in the surface wall
temperatures was found in the west facade, since among the considered orientations it is the
one that receives the highest solar radiation in summer (Pérez et al. 2017). The peak
temperatures showed significant variation depending on the shading scenario, while the
minimum temperatures were similar.
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In particular, a difference of 16°C was found between the scenario without shadow (i.e.
Covered 0%) and the one totally Covered (i.e. Covered 100%), where the surface
temperatures reached 54°C and 38°C, respectively. Concerning the scenarios Covered 33%
and Covered 67%, the maximum surface temperature reached 48°C and 42°C, respectively.
These results highlight that the external temperatures of the walls of existing buildings can be
reduced thanks to the implementation of the proposed shading system. Accordingly, this is
expected to be associated to a significant decrease in the indoor ambient temperature.

On the other hand, in the east facade, a difference of 7°C was found between the scenario
Covered 0% and the Covered 100% (with peak temperatures up to 43°C and 36°C,
respectively). In this facade, each day shows two peaks, the first following the solar incidence
and the second one corresponding to the maximum outside air temperature. As expected, the
solar incidence has a stronger influence when no shadowing system is used (wall temperatures
reaching up to 39°C), while with the system this temperature decreases up to 22.5°C. When
the solar incidence decreases, the outside temperature effect is very strong, but in this case all
scenarios reach similar temperatures (around 34-35.5°C).
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Figure 4. Daily variation of east facade temperature.

Regarding the air temperature in the inter-building space, i.e. under the shading system, the
maximum temperatures ranged from 33°C for the Covered 100% scenario, to 34°C for the
Covered 67%, to 36°C for the Covered 33%, up to 38°C for the system without greenery, i.e.
Covered 0%. Therefore, the shading effect associated to the implementation of the greenery
was able to provide an outdoor air temperature reduction up to 5°C.
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CONCLUSIONS AND FUTURE DEVELOPMENTS

This study presented the concept of a simple and adaptive bio-inspired vegetated shading
system for inter-building spaces. The purpose of the study was to analyse the effect of varying
the greening percentage on the shading system on the air temperature of the inter-building
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area covered by the system and the connected buildings surfaces, through numerical
modelling tools wusually considered for indoor thermal-energy dynamic simulation.
Simulations showed, as expected, that both the wall surface temperature and the air
temperature under the shading system decreased when percentage of covering due to the
greenery increased. Therefore, the theory of the benefits of a greenery system in summer is
confirmed also for inter-building spaces. Since this study was carried out via numerical
simulation, more exhaustive experimental research is needed to confirm these results.
Therefore, reliable data will be available for architects, urban planners and engineers on the
implementation of new concepts inspired by nature for both indoors and outdoors well-being.
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ABSTRACT

It has been generally perceived that decision-making processes for implementing sustainable
solutions to building elements should be in design and pre-construction phases. This perception
hinders the transformation of current non-sustainable buildings into sustainable ones. It has been
realized that retrofitting existing buildings can be more beneficial in terms of time and cost
compared to new construction. This study aims to show that implementation of Building
Information Modeling (BIM) for energy analysis improves the retrofit planning process. This
study explains that in practice, BIM tools provide significant opportunities for creation of
Building Energy Modeling (BEM); and the outputs of BEM analysis can be readily used in
selection of energy efficiency measures. The case study approach is used in this study.
Accordingly, 3D energy models of the Istanbul Grand Airport Project have been created. A
heuristic optimization depicts a clear picture of why it is necessary to incentivize transforming
BIM to BEM for decision-making processes of retrofitting. Correspondingly, the study findings
show that BIM implementations can provide cost and time savings for energy analysis practices.

KEYWORDS
Building Information Modeling, Building Energy Modeling, retrofitting, heuristic model

INTRODUCTION

Energy analysis tools are integral to the process of identifying and implementing building
energy savings measures (Evan, 2003). Such tools have many uses; typically, they are used for
design of new building or renovation of existing ones with detailed design analysis (Sanquist &
Ryan, 2012; Evan, 2003). Appropriate utilization of building energy analysis tools leads to
accurate and cost-effective energy analyses, which depict the total energy use and savings
opportunities. The origins of building energy software trace back to the 1970s. Before then,
energy analysis was managed by hand at significant cost and time. According to Evan (2003),
in the 1980s, the first-generation of simulation-based analysis and design tools emerged. From
late 90s until now, rapid proliferation of tools targeted at a broader spectrum of users and the
advent of web-based tools. Through web and literature searches, commonly used whole
building energy simulation software tools in North America are compiled: TREAT, Sefaira
Architecture, EnergyPlus, PleiadestCOMFIE, Autodesk Insight 360, EDAPT, TRNSYS,
eQuest, TRACE 700, REM/Design, Open Studio, EDGE Excellence In Design, Design Builder,
HA (Carrier).

Moreover, the opportunities can be magnified using recent innovations in energy management
tools that provide greater access to energy use data as well as analytics and increased
intelligence to optimize systems (Woo & Gleason, 2014). Additionally, typical processes of
whole Building Energy Model (BEM) generation are subjective, labor intensive, time
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intensive, and error prone (O’Donnell, et al., 2013). At this point, it is clear that integrating BIM
and BEM generates value in terms of time, cost, and quality since BIM-based building energy
models are capable of collecting and also rapidly processing real-time energy performance data.
This also provides more accurate and detailed input and output for energy simulation process.

Using the aforementioned energy analysis tools for retrofitting with an optimized investment
budget appears to be a viable investment tool. Such procedures can provide substantial savings
in terms of energy use, energy cost, and carbon emissions. (Camlibel & Otay, 2011) Not all
facility managers, building owners, and other related parties have the ability to access and use
a sophisticated optimization software. There are cases in which fast and cost-efficient processes
are needed. Heuristic approach can be used to calculate energy, energy cost, and CO2 savings
per invested amount for different energy efficiency measures (EEMs) (retrofit alternatives).
Heuristic approach includes the following steps: calculating energy, energy cost, CO2 savings
per investment for each EEM; showing budget amount by drawing a vertical line along the
budget amount; selecting EEM with the highest value of saving per USD on the left side of the
vertical line; subtracting the selected EEM’s investment amount from the given budget; drawing
a new vertical line along the new value of the budget amount (Camlibel & Otay, 2011). This
process is repeated until the budget no longer supports any other EEM. Thus, the BIM-BEM
integration can improve heuristic optimization and selection of energy efficiency measures by
providing fast and more accurate input data.

This study shares the energy analysis approach applied to Istanbul Grand Airport Project BIM
models. The project encompasses four phases, which includes six runways, three terminals, and
an annual 200 million passenger capacity. The first phase of the construction started in 2015. It
was planned to make the airport operational in the first half of 2018. This timeline shows that
the energy analysis results address the potential future rework that may target to meet or exceed
performance guidelines set by building rating systems (e.g., ISI’s Envision and the Middle
East’s ESTIDAMA which include energy efficiency of building envelopes, day-lighting
performance, and embodied energy as the crucial part of their evaluation.)

In the literature, it is generally discussed that BIM-based energy modelling utilization leads to
sustainable design, and provides easy access to energy analysis results in the early design
process. However, to the authors’ knowledge, there are no case studies showing that BIM can
contribute to sustainability, not only in the design phase, but also throughout the life cycle of
the building. Essentially, this study tries to fill the gap in the literature, via proposing BEM
generation, by the use of BIM to accelerate the energy retrofitting decision making process.

METHODOLOGY

The case study shows the energy analysis procedure used for Istanbul Grand Airport (IGA)
Project BIM models. These models are composed of architectural and structural Revit models.
As one of the world’s largest aviation projects, the I[GA Project encompasses a terminal building
with a total floor area of 950,000 m?, and pier buildings with a total floor area of 320,000 m?.
The methodology used in the case study enables a holistic approach on the magnitude of future
energy consumption of IGA project. In this respective order, the methodology contains a
selection of the most suitable digital tools, an optimization of BIM models, and generation of
an energy analysis.

According to Stumpf, Kim, & Jenicek (2009), the energy modeling process can be divided into
two sub-processes. The first sub-process is a macro-level energy analysis, which focuses
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on comparing building size, shape, and orientation. The second sub-process is a micro-level
energy analysis, which considers building details such as wall penetrations and building system
details. An energy analysis framework is obtained through the methodology presented below
(See Figure 1). It contains data coming from both macro and micro level energy analysis
processes.

Figure 1: Energy Analysis Process Framework

At the first step of the methodology, the digital tool Insight 360 is chosen for this case study.
This tool works as an add-in to Autodesk Revit and integrates existing workflows such as Revit
Energy Analysis and Lighting Analysis for Revit. Insight 360 also allows visualization of solar
radiation on mass or building element surfaces. Solar analysis includes a new automated
workflow for understanding photovoltaic (PV) energy production. Insight 360 also provides a
comparison of design scenarios to track performance of the building lifecycle, as well as,
measuring the performance against Architecture 2030 and ASHRAE 90.1 benchmarks. The
energy analysis results presented in this case study are limited. In essence, only visualization of
solar radiation and energy production results are provided.

At the second step, optimization of BIM models, which is mainly dividing and simplifying
architectural and structural Revit models, is conducted. Smaller models were extracted out of
one master model (See Figure 2). Main purpose of this optimization, which requires discarding
some architectural and structural elements, is to achieve the most appropriate model size and
complexity for Insight 360, so that the tool can process data smoothly. Such tools have limited
capabilities in terms of model size and complexity, making the model shown in Figure 2
infeasible to be analyzed as a whole. Accordingly, five different models with the most basic
features (Kim & Anderson, 2011) (See Table 1) were obtained via taking reference of high level
zoning plan given in Figure 3. However, it is important to keep in mind that, the number of sub-
models should be kept to a minimum. Also, all sub-models should have a fully closed geometry
to generate energy analytical models. Overall, the purpose is to eliminate issues including
missing elements, elements that are not set to room bounding, gaps in geometry, in-place
families, small spaces and surfaces, and columns that cause surfaces to be omitted from the
energy model.

Table 1. List of sub-models
Sub-Models

Terminal 1 (all levels)

Terminal 2 + Terminal 3 (all levels)
Pier 1 — Pier 2 (all levels)

Pier 3- Pier 4 (all levels)

Pier 5 (all levels)
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Figure 2: Master Model of the Project

Figure 3: High Level Zoning of the Project

Furthermore, the master model is at its real-world coordinates having high accuracy in level and
shape to ensure sustaining maximum accuracy in total volume of energy analytical model. As
the third step, energy analysis is conducted; and for that purpose, Generate command (in Revit
2017) or Generate Insight command (Revit 2016) in Analyze ribbon (see Figure 4) is used.
The process begins with creation of energy analytical model, followed by transmission of the
model to the cloud-based Green Building Studio (GBS) server to obtain the results of energy
analysis.

Figure 4: Analyze Command in Revit 2016

RESULTS & DISCUSSIONS
Visualization of solar radiation and energy production results are provided below for each sub-
model developed through optimization. The results demonstrate significant total potential in
solar energy generation due to the geographic coordinates of the structures, when the retrofitting
solutions are applied correctly.

However, the BIM tools used in this study for energy analysis are still under development.
Accordingly, it is a significant challenge to optimize models to have accurate flow of data
between systems. Since, BIM modeling software market is greatly dominated by only a few
companies (e.g. Autodesk Revit), sustainability practitioners are depending upon a limited
extend of energy analysis plug-ins; which may otherwise result in compatibility issues.
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Figure 5: Solar Energy Results for Pier 1-2, Pier 3-4, Pier 5, Pier 5 Roof, Terminal
Building, Custom Solar Scale on Energy Units (kWh) per Unit Area (m?)

Another problem about this BIM application is associated with the lack of guidelines and
standardized workflows for right data retrieval from BIM models. Correspondingly,
commercial BIM software technology market should further be evolved; and preparation of
detailed BIM guidelines should be encouraged to improve the effectiveness of building
retrofitting plans.

Retrofitting of existing buildings, as an evolving field of research, represents vast possibilities
in increasing the energy efficiency of buildings. Facade design plays a crucial role in the retrofit
of a building, and can offer additional benefits by incorporating possibilities of energy
production (Bigaila, Hachem-Vermette, El-Sayed, & Athienitis, 2016).

Correspondingly, building-integrated photovoltaic (BIPV) glazing can be suggested as a retrofit
solution for this case study. This is a new approach in which PV modules are integrated into the
building envelope materials and components. As such, the PV system is not an added
component, but rather a part of the essential building envelope. The electricity generated by the
BIPV system can be stored in batteries so that the system can be used as an off-grid system.
Alternatively, the system can be interfaced with the utility grid and the electricity generated can
be sold back to the grid (Verboon & Laufs, 2013).

BIM implementation in the project gives many opportunities in terms of providing easy access

to all project data (or one can say “big data”) — including 3D models at various levels of detail
(LODs), 2D drawings, and all supplemental documents- from a single digital platform. Besides,
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BIM also allows fast modification or update on data whenever needed while greatly
eliminating waste in terms of time and money. As a summary, following points can be listed as
benefits of BIM for sustainability;
e Energy modeling (detailed analysis of energy needs of the structure and analysis of
renewable energy options such as solar energy),
e Building orientation (providing best building orientation option that leads to minimum
energy cost),
e Reducing wasted time and resources for energy analysis (allowing rapid modifications
in many design parameters),
e Access to current data for unit energy costs and weather via an internet server.

CONCLUSIONS

Building energy modeling tools provide an efficient, simple method in predicting the energy
use of new and existing buildings. Via a decent optimization procedure and project defaults
assumptions, energy analysis of all Terminal and Pier Buildings are conducted. Consequently,
Autodesk Insight 360 provides annual and monthly data — both in energy units and in monetary
units- of total energy consumption of the analyzed buildings. Annual and monthly monetary
and energy equivalents of space heating, space cooling, area lighting, hot water supplies can
also be generated graphically, which can enable the users to foresee energy consumption levels
of airport buildings in future studies. However, in the context of this paper, solar analysis results
are presented to articulate the simplicity in extracting data for retrofitting decision-making
process. Since the tool aids in conducting iterative process by means of fast data-input, the
facility owners can acknowledge the potential in PV energy production at the operational stage
of the airport.
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ABSTRACT

The growth medium of a green roof is likely to affect the chemistry of the rainwater passing
through it, which may impact the receiving waters. Currently only limited data exist on the
changes in rain chemistry caused by green roofs. The objectives of this project are to
determine the differences in concentration of several contaminants in rain and in runoff from a
green roof in downtown Syracuse, NY, and to explore reasons for the observed differences. A
few samples were collected in 2014 and 2016, but most of the data are from 2017. Collection
of precipitation uses funnels, while collection of runoff takes place using a drainpipe that
connects to several roof drains. Both types of samples are analyzed by ion chromatography for
chloride, sulfate, and nitrate. Preliminary tests show that chloride concentrations in the green
roof runoff are generally greater than or equal to those in precipitation. Sulfate in the runoff is
greatly enhanced compared with precipitation. Nitrate concentrations do not show a clear
pattern. Engineered soil greatly influences the chemistry of the incoming rain, and additional
research is needed to better understand this chemistry.

KEYWORDS
Green Roof, Stormwater, lon Chromatography, Precipitation Chemistry, Runoff Chemistry

INTRODUCTION

Widespread urbanization has shown an increase in impermeable surfaces where there was
once soil and plants to absorb the precipitation. The lack of area for infiltration can lead to
flooding, and in cities with combined sewers, it can lead to combined sewer overflow where
raw sewage enters the receiving waters. To reduce flooding and discharge of untreated
sewage, green infrastructure such as green roofs can be installed to delay and store rain runoff.

Previous work has shown that rainwater flowing through the growth medium of a green roof
(engineered soil) can experience changes in chemistry. For example, Vijayaraghavan et al.
(2012) report higher concentrations of nitrate, phosphate, and sulfate in runoff compared to
the incident rain using green roof test plots in Singapore. The plots incorporated growth
medium with the trade name “universal garden soil” and were planted with sedum. Czemiel
Berndtsson (2010) presents a literature review of green roof studies, some of which include
chemical analysis of runoff. The data show that levels of nitrogen and phosphorus species in
green roof runoff by different authors are quite variable, in part due to different roof
characteristics.

The primary objective of this project is to compare the concentrations of chloride (CI°), sulfate
(SO4%), and nitrate (NO5") in fresh precipitation and in rainwater that has passed through a
large, extensive green roof. A second objective is to explore the reasons for these changes.
Chemicals such as sulfate and nitrate, which contribute to acid deposition, are especially
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important. Excess nitrogen in the runoff can have an adverse effect on the receiving waters by
enhancing algae growth and eutrophication. The roof used in this study is on the Onondaga
County Convention Center (OnCenter) in Syracuse, NY.

METHODS

The green roof, installed in 2011, is 0.56 hectares with growth medium 7.6 cm deep planted
with six types of sedum. There are 25 roof drains, and samples are collected from a pipe
connected to eight of these drains. Precipitation is collected on the roof of the Biological
Research Laboratories on the Syracuse University campus, about 1.6 km east of the green
roof. Sample bottles are secured in a wooden frame with funnels. Field blanks are obtained at
each location. All samples are analyzed for chloride, sulfate, and nitrate using an ion
chromatograph (IC). No fertilizer or other chemicals have been added to the roof since it was
installed in 2011, although characteristics of the growth medium have undoubtedly changed
over time. Only limited chemistry data from runoff were obtained prior to 2017.

RESULTS
Figure 1. a, b, ¢ shows average net concentrations for CI°, SO4>", and NO5" in the precipitation
and green roof runoff. Each bar represents a separate rain event from 2014 to 2017.

DISCUSSION

Figure 1a shows that chloride concentrations in the runoff are usually equal to or greater than
concentrations in the incoming rain. In storms 4/15/2017 and 7/20/2017, the opposite is
observed, but the number of samples in these storms is small. The reason for the high chloride
concentration in runoff on 6/4/2017 is unknown. This concentration is not likely due to
contamination, as all three samples of runoff show similar high concentrations.

Sulfate concentrations shown in Figure 1b are consistently significantly higher in the runoff
than in the precipitation. The data support the green roof being a source of sulfate.
Investigations of the source of this sulfate are underway.

The nitrate concentrations from the runoff represented in Figure 1c show no dominant pattern
when compared to the rain concentrations. About half of the rain events have runoff
concentrations greater than precipitation, while the other half of the runoff concentrations are
less than the those in precipitation.

The highest nitrate concentration in runoff occurs on .8/3-4/2017. The precipitation data
shown in the graph is an average of five samples, one from an event on 8/3 and four from an
event on 8/4. The storm on 8/3 had a nitrate concentration of 5.7 mg/L, while the storm on 8/4
had a concentration of 1.4 mg/L. The first storm had an intensity of 15.6 mm/hr and lasted for
10 minutes, a brief but intense cloudburst. In contrast, the second storm the next day had an
intensity of 2.4 mm/hr and lasted two hours. The differences in concentrations in the
precipitation from these storms is notable.

No runoff from the green roof occurred during the cloudburst on 8/3, as the total rainfall was
only 2.6 mm. However, runoff occurred the next day when the total rainfall reached 4.6 mm.
The concentration in the runoff averaged 5.0 mg/L, much greater than the concentration in the
rain on that day. The runoff on 8/4 most likely included some of the high concentration rain
on 8/3. Hence one cannot conclude that the nitrate in the growth medium was responsible for
the elevated levels in runoff on 8/4.

1350



7th International Building Physics Conference, IBPC2018

Figure 1. Average concentrations of chloride, sulfate, and nitrate, measured in precipitation
and green roof runoff from selected storms. Error bars show one standard deviation from the
mean. Each bar represents the average of the indicated number of samples, ranging from 1 to
24.
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Johnson and Davidson (2017) note that fertilizer was applied to the green roof at the time of
its installation in 2011. It is not known whether the nitrate concentrations in Figure 1c were
influenced by this fertilizer. However, it is of interest that events on 6/25/14, 9/9/15, and
many events in 2017 had runoff nitrate levels less than those in incoming rain. Rowe (2011)
reports high nutrient concentrations in green roofs that have been fertilized. Age of green roof
and vegetation type can factor in to the leeching of nitrate into the runoff (Czemiel
Berndtsson, 2010).

Comparing patterns for the three analytes in Figure 1 shows that the storm on 4/15/2017 is
unique in that concentrations in precipitation exceeded those in runoff for all three analytes.
Further investigation of this event is underway.

Data collection is continuing and will expand to include other chemicals in future work.
Arrangements are also being made to sample a nearby traditional roof as a control.

CONCLUSIONS

Concentrations of chloride, sulfate, and nitrate in fresh precipitation and runoff from a green
roof in several events show a number of patterns. Concentrations of chloride in the runoff are
generally equal to or greater than levels in the incoming rain. The same is true for sulfate.
However, concentrations of nitrate showed more complex results: nitrate levels in runoff
exceeded levels in rain for roughly half of the events, while the opposite was observed for the
other half. One especially intense storm produced the highest levels of nitrate in rain observed
throughout the study; runoff from a storm the next day most likely included some of the
previous day’s rainwater and showed similarly high concentrations. Chemical analysis of rain
and runoff will continue in future work.
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ABSTRACT

The present paper studies the thermal and energy performance and potential adaptive reuse of
the lost underground bunkers of Kukés, Albania. The approach is exemplified using a 150-m
long cross-section of the underground network selected for the parametric computational
simulations. Data regarding local climate, design typology, and building materials is used to
generate a finite-element simulation model of the underground tunnels. Different scenarios
including insulation of the outer walls, occupancy patterns, and ventilation regimes are tested.
The results show that indoor air temperature ranges from 15-18°C during winter and 23- 28°C
during summer. During January, the temperatures are higher by 3-5 °C in comparison to the
same structure and scenarios located above ground, whilst during July they are 5-8 °C lower.
Insulation does not affect the heat flux through the outer walls. The average energy
consumption oscillates around 55 KWh.m2.a"! for base case and 98-230 KWh.m?.a"! for
design scenarios. The results establish the same building consumes 44-145% more energy
when located above ground as opposed to underground.

KEYWORDS
Thermal performance simulation, scenarios, energy, underground nuclear bunker, adaptive
reuse

INTRODUCTION

a) b)

Figure 1. a) Partial section of the underground network of tunnels for Kukés, b) Close-up
partial axonometric drawing of the inner construction of the tunnels.

Whilst above ground thermal comfort can be reached only via additional services, earth
sheltered buildings are known for their temperature stability (Kajtar et al. 2015) and they gain
benefit from the soil’s quasi-stationary temperature to achieve energy conservation (Alkaff et
al. 2016). Because of the high thermal inertia of the soil, the temperature fluctuations at the
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surface of the ground are diminished as the depth of the ground increases (Florides and
Kalogirou, 2005): the temperature of the soil changes with amplitude of 0.6 °C in the depth of
8 m and 0.2 °C in the depth of 10 m (Kajtar et al. 2015). After the depth reaches more than 20
m, the temperature becomes practically constant (Popiel et al. 2001). Popiel has concluded
with the formula shown in Equation 1, where x is the depth below the ground surface, T is the
temperature, & is the heat conductivity of the ground, and ¢ the heat flux, that the heat flux of
the soil is practically constant (2001). Florides depicts that due to the solar radiation and soil’s
relative capacity there is a 5-hour time lag a day regarding temperature distribution (2005).
This explains why after reaching a specific depth the soil’s temperature is always higher than
the air temperature during winter and lower during summer.

q= _k% (1) (Popiel et al. 2001)

This knowledge has been practiced since ancient times: Samos, Greece, Cappadoccia in
Turkey, and the Hypogeum belong to the 6th century BC, 1900-1200 BC, and 4000 BC
respectively (Nyvlt et al. 2016; Debertolis et al. 2015). Living underground has become today
a widely spread trend in countries such as China, Japan, and Korea where residents find
comfort from the increasingly high economic pressure of living in apartments. In these
countries, underground urban planning is a field study of its own (Zhao et al. 2016; Li et al.
2016) and some insist it should be an integral part of any National Regulation Plan (Tan et al.,
2018). The studies on the computational evaluation of either thermal or energy performance
for such spaces are fewer in number. Zhu has carried out thermal simulations on a sample of
atrium plan earth sheltered buildings concluding that the buildings constitute a step forward
towards low energy building design (Zhu and Tong, 2017). Another thermal performance
simulation and evaluation study has been carried out by Ip, but the building in question has
only one wall in contact with the earth (Ip and Miller, 2009). Tan has investigated the thermal
comfort conditions in underground spaces in four major Chinese cities characterized by
different climate conditions in order to assess the influence of the specific climatic variables
(Tan et al. 2018). Tan however also recognizes his study as only qualitative and evaluates a
building energy modeling would provide more solid data since qualitative analyzes often
depend on real life restrictions (Tan et al. 2018).

In Albania, a special kind of underground shelters can be observed: nuclear bunker tunnels. A
similar design typology is the subway, but it differs in many ways such as scenario, and traffic
network which greatly influence the thermal and energy performance of the construction. The
tunnels of Kukés are part of the ex-secret military establishments of Albania. This network is
2400 m long and composed of 30 galleries. Each gallery is composed of a corridor with a row
of rooms on one side; an outer concrete shell envelops rooms and corridors, whilst the indoor
walls were built with bricks. The tunnels have corridors which are 270 cm high and 120 cm
wide, and rooms of an average of 3.4x3.4m. The network is located from 319 m to 336 m
above the sea level (the different levels are connected by staircases), whilst the ground level
of the city of Kukés is located 350 m above the sea level (Poliba, 2017; Municipality of
Kukés, 1973). The outer walls of the tunnels are composed of 40 cm thick reinforced
concrete. The inner walls are composed of bricks and amount to 27 cm thickness. These
capillaries, which were constructed in several cities during the communist period and never
used to fulfill the purpose for which they were built (refuge in case of war), constitute a large
underground network of concrete leftover space. Therefore, the question on the efficiency
with which they can fulfill their original purpose i.e. that of sheltering, comes out naturally.
This study assesses the thermal performance and evaluates the adaptive reuse efficiency of the
underground shelters via computational simulation modelling using the case study of the
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tunnel network found in the city of Kukés as a starting point. Whereas previous studies have
provided significant insight on different topics related to underground structures, there is a
lack of quantitative studies providing close examination of thermal performance and energy
consumption evaluation. Thermal and energy performance evaluation has not been explored
yet on this typology of shelter in Albania or elsewhere, and the number of similar studies
worldwide is limited. Furthermore, this paper suggests and tests alternatives for low energy
consumption adaptive reuse functions appropriate for the design typology, and space quality
of the tunnels.

METHODS

Initial simulation models were generated based on collected geometry and construction data.
Assumptions were made based on in situ observations and historical documents. The
simulations are conducted with Design Builder, a software tool used to perform building
energy, lighting, and comfort performance. The software has been developed to simplify the
process of building, modelling, and simulation for maximum productivity allowing users to
rapidly compare the function and performance of building designs, different scenarios, and
deliver results quickly. Meteonorm software was used to generate the local weather file for the
city of Kuk&s. A 150 m tunnel section that serves as an extension of the existing hospital of
the city, directly connected to it by its basement, is used for the simulations. A digital
performance simulation model of the underground tunnel section is generated including the
modelling, occupancy patterns, air humidity, and ventilation regimes. A set of five sample
scenarios are established for the parametric study. The first scenario (S1) corresponds to the
existing conditions. A second scenario (S2) is defined involving thermal insulation. Three
additional scenarios (S3-S5) address the thermal performance of different potential reuse
activities: laboratory (S3), hospital (S4), and museum (S5). Two simultaneous sets of
simulations for scenarios S3-S5 are conducted to verify energy reduction potential of
underground buildings with comparison to above ground buildings: S3-S5 when the building
is located at 325 m above the sea level (the actual level of the tunnels), and S3.2-S5.2 when
the building is located at 350 m above the sea level (the level of the city). Table 1 illustrates
the data on scenarios S3-S5 and S3.2-S5.2. The thermal transmittance of the materials is as

follows: 0.27, and 0.29 for inner and outer walls respectively, whilst without insulation these
values are 1.42, and 2.31.

Table 1. Data pertaining to chosen scenarios for the study of activity impact on the
underground tunnels’ thermal load.

Code Activity Schedule Density Gain Radiant Heating Cooling
(people/m?)  (W/m?) fraction (20°C) (20°C)
S3;S3.2  Laboratory 12/24 h 0.11 8.73 0.2 20 23
S4;S4.2  Hospital 24/24 h 0.10 3.58 0.2 18 25
S5;85.2  Museum varying 0.15 3.50 0.2 20 24
RESULTS
a) b)
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Figure 2. Simulated indoor temperatures (whole building) for S1 (base case without
insulation) and S2 (base case with insulation) together with the external temperature data from
the weather file. a) 15" and 16" of January, 2016, b) 15" and 16™ of July, 2016.

a) b)

Figure 3. Comparison of the simulated indoor temperatures (whole building) of the scenarios
together with the external temperature data from the weather file for the 15" and 16™ of
January, 2016, a) S3-S5 (underground), b) S3.2-S5.2 (above ground).

a) b)

Figure 4. Comparison of the simulated indoor temperatures (whole building) of the scenarios
together with the external temperature data from the weather file for the 15" and 16™ of July,
2016, a) S3-S5 (underground), b) S3.2-S5.2 (above ground).
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Figure 5. a) Comparison of simulated monthly energy demand (kWh.m?) for S3-S5 and S3.2-
S5.2, b) Simulated annual energy demand (kWh.m 2.a™!) for S1-S5.

Figure 2 illustrates the thermal performance of base case scenarios with and without

insulation, S1-S2. Figures 3 and 4 provide an overview of the thermal performance in the
selected scenarios (S3-S5; S3.2-S5.2) based on two reference days in January and July. Figure
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5 summarizes comparative information regarding undergrounds’ monthly energy use for the
selected activities (S3-S5; S3.2-S5.2), as well as yearly overall energy consumption for S1-S5.

DISCUSSIONS
After comparing the theoretical background presented in the Infroduction section and the
results from the graphs in the Results section, conclusions are as follows:

i.  The theoretical background assesses the heat flux of the soil in the depth where the
tunnels are located, 25 m underground, is almost constant and allows the spaces
enveloped in it to remain cool during summer and warm during winter. This fact is
proven by the graphs shown in Figure 2 where the graph lines for 10 cm and no
thermal insulation temperature performance are overlapping, thus demonstrating the
effect of thermal insulation on the thermal performance of the building is negligible.
During January, the time lag phenomenon described in the Introduction can be
observed: the temperature alternates between the earth and the ground, when above
ground the temperatures are high, they are lower underground and vice versa. The time
lag is of approximately 10 hours. However, this phenomenon cannot be observed
during July because the temperatures are constantly high and do not vary.

ii.  Figures 3a and 4a compare the temperature performance of scenarios S3-S5 during
two days in January and July. During January, all temperatures show an increment
during the day, and cooling down after 18:00. The hospital’s temperatures are more
constant and 2-3°C lower. The laboratory’s and museum’s temperatures vary
considerably during the 12/24 hours of activity, most likely due to the nature of the
activities held which require more physical interaction and movement from the people
involved. During July, the temperature variation lines are considerably more constant
and closer in value to one another. The average temperatures during July are 23.1°C,
24.2°C, and 23.3°C for S3, S4, and S5 respectively. The average temperatures during
January are 21°C, 18.3°C, and 19.1°C for S3, S4, and S5 respectively. Figures 3b and
4b compare the temperature performance of the activity scenarios when located above
ground: S3.2-S5.2. During January, the temperatures are lower by 3-5°C in
comparison to the same scenarios located underground, whilst during July they are 5-
8°C higher.

iii. ~ The performance of the three scenarios regarding energy consumption varies. The
average energy consumption per month is 14, 19.2, and 8.24 kWh m-2.a-1 for S3, S4,
and S5 respectively. Regarding yearly energy consumption, the hospital’s energy
consumption results are 38% higher than the laboratory’s, and 135% higher than the
museum’s. The results establish the same building consumes 44-145% more energy
when located above ground as opposed to underground.

CONCLUSIONS

The case study of underground shelters poses an invitation for different research topics,
however, the majority of information on them is provided by theoretical or qualitative studies.
This paper is preoccupied with providing quantitative data on underground spaces,
specifically nuclear shelters situated in the city of Kukés, Albania. The focus is on indoor
thermal performance and energy consumption evaluation conducted via simulation software
in order to assess the feasibility of adaptive reuse. Using the example of thermal simulation of
a tunnel section, we explore the process and the recent results from the data collection. Hence,
a building simulation model can be applied toward the assessment of the buildings’
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performance and prediction of the consequences of alternative options for its renovation,
reuse, and adaptation. Different scenarios are tested in order to assess the thermal performance
of adaptive reuse alternatives for activities of 12/24 h, 24/24 h, and indefinite occupancy
hours such as laboratories, hospital extensions, and museums respectively. The study
concludes that a preferable scenario for adaptive reuse would be an activity held only 12/24 h,
resulting in less energy consumption. In the present specific case, the 150 m section rooms
can be proficiently repurposed as laboratory sectors that could serve to the hospital situated
above ground. Although simulation and evaluation through software may face limitations due
to the inability to make comparison with real life situations, the study represents an effective
and well documented first step towards energy efficiency and possible adaptive reuse of
abandoned underground or earth sheltered bunkers.
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ABSTRACT

Optimization algorithms plays a vital role in the Building Energy Optimization (BEO)
technique. Although many algorithms are currently used in BEO, it is difficult to find an
algorithm that performs well for all optimization problems. Some algorithms may fail in some
cases. This study specifically focuses on failure algorithms in BEO and the possible causes.
Several criteria are proposed for identifying failure algorithms. Four optimization problems
based on the DOE small and large office buildings are developed. Three commonly used
algorithms in BEO, namely, Pattern Search (PS) algorithm, Genetic Algorithm (GA) and
Particle Swarm Optimization (PSO) algorithm, are applied to the four problems to investigate
possible reasons for their failure. Results indicate that the effectiveness of the three selected
algorithms is highly dependent on the optimization problems to be addressed. Besides, the
control parameter setting of the PS algorithm appears to be a significant factor that may cause
the algorithm to lose effectiveness. However, it does not seem to be the main reason for the
failure of the GA and PSO algorithm. In General, the results gained from this study can
deepen our understanding of optimization algorithms used in BEO. Besides, understanding
the reasons why optimization algorithms are ineffective can help architects, engineers, and
consultants select the appropriate optimization algorithms and set their parameters to achieve
a better BEO design that is less vulnerable to failure.
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