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Abstract 

As a key consumer of energy, and producer of greenhouse gas emissions, the building 

industry can play a pivotal role in reducing the global energy and carbon footprint. Thus, 

the application of passive techniques in buildings has gained particular attention. These 

techniques, with minimal auxiliary energy load, can mediate between the external climate 

and comfortable indoor conditions, while providing an aesthetically pleasing indoor 

environment. Thermal energy storage is considered an essential component when using 

passive techniques. The primary aim of energy storage incorporated into buildings using 

passive strategies is to implement approaches for efficiently controlling the time lag 

between building energy demand and outdoor energy sources. Examples of passive 

strategies are advanced thermal energy storage (TES) and night ventilation (NV). 

Phase change materials (PCMs) as a salient example of advanced TES, have received 

remarkable attention for their use in energy-efficient buildings. PCMs, which mainly 

store energy thorough latent heat, can be conveniently integrated into building envelopes 

as productive lightweight thermal mass. PCMs have also been of paramount interest as 

compact components, since they can alleviate building energy loads and be easily coupled 

with other passive/active systems. Given that the role of TES in ameliorating the 

effectiveness of passive strategies such as NV is critical, recent years have produced a 

renewed interest in utilizing PCMs as efficient-lightweight thermal mass in preference to 

traditional sensible heat storage. Passive cooling techniques, such as NV, with an 

efficiency that is highly conditional upon thermal mass capacity, have been commonly 

used in conjunction with sensible thermal mass; however, with the proliferation of PCMs, 

NV can be reconsidered as an effective cooling strategy for lightweight construction. NV, 

as a well-established passive cooling strategy, uses the cool of night to release the daily 

stored heat; then during the subsequent warmer daytime the cooled TES can moderate 

indoor temperature. 

In countries with a range of climatic zones such as Australia, where the application of 

lightweight structures is of great importance, and where energy consumption is mainly 

targeted at the cooling demand, the use of PCMs and NV can be highly productive and 

applicable in a wide range of environments. However, very little is currently known in 

regard to the efficacy and requirements of employing PCMs in different Australian 

climatic zones, either in isolation or in combination with NVs.   
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This research examines the key variables of PCM-enhanced buildings, such as the 

material properties and coupled thermal insulation, through a parametric study that 

includes NV efficiency. An optimal PCM-based TES is closely analysed in four major 

Australian climates, with respect to building and material characteristics and energy 

consumption.  This dissertation follows experimental verifications, using a full-scale 

calorimeter, with in-depth numerical simulations of the validated model. This dissertation 

delivers some insights into the aforementioned TES and NV topics, and makes a 

contribution to building physics by providing building designers and researchers with the 

basis for practical applications. 
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Nomenclature 

 

ACH                   Air change per hour 

CHTC                 Convective heat transfer coefficients  

CondFD             Conduction finite difference  

COP                    Coefficient of performance  

G-MPWC           Generalized model-based predictive weather control 

HVAC                Heating, ventilation, and air conditioning 

LHTES               Latent heat thermal energy storage  

NV                      Night ventilation 

PCM                   Phase change material 

PIAT                   Peak indoor air temperature  

TES                    Thermal energy storage 

WOH                  Weighted overheating hour 
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Chapter 1 

1. Introduction 

Comfortable thermal conditions constitute a fundamental quality of modern life. Often, 

achieving this requires controlling heating, cooling and ventilation through mechanical 

systems. A climate conscious building which employs passive strategies can regulate its 

internal temperatures with reduced HVAC loads. A successful passive building design 

project forms a synthesis between the climatic conditions, functional requirements (e.g., 

built use, circulation areas), physical constraints (e.g., aesthetics, integration), and 

managerial requirements [1].  

Energy storage systems in buildings are of great interest as they can soften the energy 

demand placed on mechanical systems from any energy source. Changes in the energy 

loading can be due to either a foreseeable (e.g., night, day, season) or unforeseeable (e.g., 

weather conditions) phenomenon that leads to a discrepancy between the energy supply 

and demand. Reducing this discrepancy is the principal role of thermal storage systems 

[2]. Traditionally, this reduction was achieved through thermal mass, since higher mass 

leads to a greater lag between the outside and inside temperatures. Although recent 

developments in building construction and technology have shifted focus to reducing 

building weight, concerns exist regarding thermal comfort, since lightweight construction 

envelopes (such as timber or steel-framed constructions) offer little thermal storage 

potential. This shortage of sufficient thermal mass results in insufficient alleviation of 

dynamic thermal load, giving rise to increased indoor thermal fluctuation and 

consequently increased energy consumption [3].   

As a productive energy technology, thermal energy storage (TES) is receiving increasing 

attention for such thermal applications as space heating and cooling. TES allows the use 

of conserved energy at a later time, bridging the gap between energy supply and demand 

(i.e., daily solar heating can be stored and later used during the cooler nights, or nightly 

‘coldness’ can be saved to be used during the warm days). Given this capacity, utilizing 

TES can lead to a more stabilized indoor temperature, as well as reduced and shifted peak 

energy demand, and thus a reduction in HVAC size and loading [4]. Sensible and latent 

heat storage have been the main types of TES used to compensate for the lack of heat 

capacity in lightweight construction buildings. In the building industry, in place of 

sensible heat storage in traditional construction materials, the application of latent heat 
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storage has received attention owing to its higher energy density available in a constant 

volume and moderate thermal variations. In sensible TES (e.g., concrete, brick, and 

stone), energy is conserved by virtue of the storage temperature difference, and the 

amount of stored energy is contingent upon the temperature change and the material’s 

specific heat. By contrast, in latent TES, energy is stored by the change of material state 

at a constant temperature. Latent TES is often referred to as phase change materials 

(PCMs). PCMs absorb heat in an endothermic process when the temperature increases, 

and subsequently their phase changes from solid to liquid. However, in an exothermic 

process, PCMs return to their solid phase due to the release of absorbed heat, stemming 

from temperature reductions [5]. Notably, thermochemical materials (TCMs) are still not 

being implemented in the building sector [6]. 

The right employment of PCMs into building structures can reduce peak energy demand 

and ameliorate indoor thermal comfort because of the reduction in temperature swings [7, 

8]. That is, in PCM-enhanced building envelopes, due to their constant temperature 

during their state transition, the temperature increases up to the time that it reaches the 

transition point, and then the rest of the energy is harnessed through the latent heat of 

fusion. Provided that this process can be reconciled with the HVAC set-point, the heating 

or cooling load can be noticeably reduced [9]. In order to optimize their effectiveness, 

PCMs are required to undergo a thorough state transition over 24 hours. However, this is 

dependent upon a correct implementation of the most suitably efficient PCMs that 

specifies features such as the material thickness, phase change temperature, location, or 

other conjunctional factors such as thermal insulation and thermal set-point. For instance, 

it is imperative that the temperature in the PCM location must rise above and fall below 

the melting temperature in order to fulfil a full phase transition, so that the stored heat or 

cold is spontaneously released when the air temperature increases or drops further than 

the PCM melting point temperature [10]. 

A large number of PCMs in various temperature ranges are available. Based on their 

chemical composition (salt hydrates, paraffin, fatty acids, etc.), PCMs are categorized as 

organic, inorganic and eutectic compounds, so that each group has its typical range of 

melting temperatures and enthalpy [11]. 
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Organic PCMs are categorized as paraffin and non-paraffin; the latter includes ester, fatty 

acids, or glycols. The most used organic PCMs are paraffin and fatty acids [12]. There 

are a number of reasons why these materials are applicable for latent heat storage in 

buildings: for example, they are chemically stable, recyclable, non-toxic and non-

corrosive, are available in large temperature ranges, exhibit no segregation, possess a high 

latent heat of fusion, and have no sub-cooling [13]. However, most of the organic PCMs 

are volatile at higher temperatures owing to their covalent bonds. Their density, which is 

usually below 103 kg/m3, is also lower than that of organic materials such as water and 

salt hydrates. Although paraffin has a low thermal conductivity (around 0.2 W/m.K) 

which limits its application when high heat transfer rates are desired, it is available in a 

wide range of melting points, from 20 °C to 70 °C. However, during the physical change 

phase, paraffin has a large volume change, and is also financially expensive compared to 

salt hydrates [13]. 

Inorganic PCMs include metals, salts, and salt hydrates, which have fewer benefits 

compared to organic materials in general [12]. The main downsides of these materials are 

their incompatibility with metals, a tendency for corrosion, phase segregation, sub- 

cooling, phase separation, and lack of thermal stability. Nonetheless, they have a high 

latent heat of fusion and high thermal conductivity; they are also non-flammable and 

inexpensive [12, 13]. The most commonly used inorganic materials for TES are salt 

hydrates, attributable to their low volume change during phase transitions, their high 

thermal conductivity (roughly 0.5 W/m.K), and their high storage density of about 240 

kJ/kg. However, these materials have some drawbacks, such as segregation, corrosion, 

and super-cooling. In the case of metallic PCMs, their phase change temperatures are not 

within the temperature range required for utilization in buildings [4].  

In order to gain more desired properties such as more specific melting point temperatures 

and higher latent heat, eutectic materials, which are a mixed proportions of many solids, 

are a desirable option. Their transition phases are also without segregation, preventing the 

separation of components [14]. Based on their constituent materials, eutectics are divided 

into organic-organic, inorganic-organic and  inorganic-inorganic groups [15].  

The effectiveness of PCMs as thermal storage for use in buildings depends on multiple 

factors: outdoor climate conditions; the melting temperature ranges and type of PCM; the 

effective volume and thickness of the PCMs; the characteristics of the PCMs; the location 
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of the PCMs in buildings; solar gains; reflectivity and orientation of the buildings; the 

aim of PCM application; passive or active usage of PCMs; and the associated financial 

cost. As a result of much debate centring on the issue of selecting the most economically 

viable PCMs for specific applications and climatic conditions, the melting temperature 

factor has been chosen as the most influential parameter [16].  

PCMs as a means of passive thermal storage can be utilized in construction through 

various methods, including encapsulation and packaging. Implementing these materials 

is straightforward and can be deployed into the building structural elements (i.e., walls, 

roofs and floors). Wallboards have been until now the most prevalent options studied in 

the incorporation of PCMs into the building envelopes [17].  

The goal of using TES as a passive technology is to provide thermal comfort while 

minimising the energy consumed by active HVAC systems [18]. The potential of TES is 

also one of the key components of passive techniques such as night ventilation (NV) 

systems, in which the charging and discharging of heat takes place by virtue of 

ventilation. The nocturnal ventilation of TES represents an economical and 

uncomplicated approach, in that a combination of TES and NV offers a high level of 

energy conversion [19, 20]. 

NV, as a passive technique, makes use of temperature differences between daytime and 

night-time. That is, the TES flushes out the daily stored heat by ventilating the space with 

the cooler night air, and then allowing the precooled TES to act as a heat sink the next 

day by absorbing the internal heat loads. Conversely, during the day, in order to minimize 

heat gain, the least amount of airflow can be allowed into the interior (according to the 

minimum requirements for health) [21]. As a result, indoor thermal comfort, air quality 

and cooling load reductions can be improved. Generally speaking, NV can be performed 

naturally or be fan-assisted. In natural NV, the building is naturally ventilated through air 

vents or windows. In fan-assisted NV, a fully automated system which includes exhaust 

fans (avoiding building over-pressurization) and supply fans (creating constant airflow), 

as well as air ducts, is used to create the required airflow volumes. The combination of 

the aforementioned methods is known as hybrid ventilation, which unlike fan-assisted 

NV, merely requires exhaust fans. Generally, it is acknowledged that passive systems of 

buildings still utilize small fans or motors to carry energy to where it will be used [1]. 
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 Research gaps and objectives 

Based on the detailed literature review conducted in Chapter 2, despite extensive research 

with reference to NV and sensible heat TES in office buildings, limited analyses have 

been found regarding the impacts of combining NV with PCMs. The literature illustrates 

a high potential for using latent heat TES with NV considering climate, building, and 

technical parameters. However, there exist implicit uncertainties in predicting PCM 

parameter behaviour when PCMs are used in conjunction with NV, as well as in 

predicting the climate repercussions on these parameters.   

Furthermore, it is now well-established worldwide that based upon many factors (e.g., 

climate, PCM types, building structures), the application of PCMs can reduce the overall 

and peak energy demand while increasing thermal comfort. However, the influence of 

PCM parameters such as thicknesses, parallel thermal insulation, and building orientation 

on optimal PCM melting temperatures and also in overall PCM efficiency for different 

climatic zones yet remains unclear. It is also not clear whether or not PCM types should 

be varied for systems with and without NV.  

The research thus aims to evaluate the effectiveness of employing PCM-based TES, used 

either alone or assisted with NV, in different Australian climatic zones. This study also 

explores the relationship between the optimum latent heat TES and NV parameters, as 

well as between the optimum latent heat TES parameters and building characteristics. In 

order to achieve these goals, the following identified objectives are outlined. 

 To explore the correlations among NV airflow and internal-external temperature 

difference (which shall be referred to as delta temperature), coupled PCM 

quantity and transition temperatures, thermal insulation, and the resulting energy 

saving. 

 

 To ascertain the suitability and optimality of PCMs in Australian major climates 

when PCMs are combined with NV, as well as to ascertain the overall energy 

conservation. 

 

 To seek the relationships among PCM thicknesses, location, transition 

temperatures, coupled thermal insulation, and the resultant energy saving. 
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 To determine the impact of the inclusion or lack of NV on the PCM thermal 

characteristics.   

 Research method 

To date, the majority of research on this topic has conducted full-scale experiments on 

PCM-enhanced building envelopes. These experiments are usually conducted through 

using either hut tests [22-25] or whole-building experiments [26, 27]. In the case of 

utilizing a base hut and a test hut, a comparison of tested material behaviour is feasible in 

terms of convenience and cost, but is problematic and costly in a whole-building 

experiment. In employed test huts, it is important that all the construction and thermal 

parameters, utilized HVAC equipment, and thermal performance, are matched with 

sufficient precision.  It is imperative to note that all the experiment was calibrated 

independently by professional members of the Building Research Centre of Tehran. 

In this research, the use of test huts was impossible due to the numerous parameters 

involved (e.g., different climates, PCM melting temperatures, PCM thicknesses, thermal 

insulation, building directions, and NV parameters). Thus, as the first step, an accurate 

full-scale calorimeter, which was able to test different wall envelopes in various 

orientations, was designed and deployed to validate the thermal energy storage model. 

Subsequently, an experiment was run to incorporate BioPCMs into the tested wall while 

weather data were being simultaneously recorded.  

At the second stage, all of the parameter data (including weather) was simulated with the 

software EnergyPlus to develop a validated numerical model for performing a parametric 

study. EnergyPlus is an accurate energy simulation software that makes modelling of heat 

transfer in buildings possible while offering a large range of HVAC equipment. Notably, 

due to the nonlinear behaviour of PCMs, numerical validations and development models 

have been challenging. Nonetheless, EnergyPlus, owing to its validated conduction finite-

difference (CondFD) algorithm, is capable of simulating PCMs with sufficient accuracy 

[28]. The CondFD solves heat transfer equations numerically by discretising the building 

envelopes into several nodes, and utilizing an implicit finite-difference scheme. The 

CondFD algorithm acts based upon enthalpy alterations throughout the time of the PCM 

state transition [29].  
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Finally, after simulating the experimental model with an acceptable margin of error, the 

validated model was automated by programming for a parametric study in different 

scenarios. In one scenario involving different climates, and which comprised coupling 

NV and PCMs, parameters such as PCM and insulation thicknesses, PCM melting 

temperatures, NV airflow, and delta temperatures were investigated (for cooling 

dominant climates), resulting in 6660 simulations. In another scenario, using only PCMs, 

parameters such as PCM and insulation thicknesses, PCM melting temperatures, building 

directions, and climates - resulting in a series of 19968 simulations - were run (for 

heating/cooling dominant climates). Finally, all the results were analysed and compared.  

 Dissertation outline 

The format of this thesis is by publication, laid out in six chapters (the introduction, four 

publications, and conclusion). The results of this study have contributed to three peer-

reviewed journal papers as well as one peer-reviewed conference paper. The structure of 

this thesis is in accordance with Griffith University PhD thesis requirements as a series 

of published and unpublished papers. Therefore, some repetition may be apparent in the 

methodology and results chapters, as well as the reference lists.  

Chapter 1, which is a general introduction, represents a brief outline of the topic and 

research objectives of the project.   

Chapter 2 (presented as a published journal paper) is the first review paper published with 

regard to NV. Accordingly, it presents a critical review of NV primary parameters, 

particularly TES, as one of the principal parameters and the current trend towards the use 

of PCM-based TES potential in this passive system. This chapter illustrates that even 

though the application of NV is efficient throughout almost all climates, given the 

growing tendency to use lightweight structures, this strategy requires optimization just as 

other passive design systems. Therefore, optimized latent heat TES as a novel way to 

augment NV system effectiveness and its discrepancies with optimum latent TES when 

used alone were identified as the gap in this area.   

In Chapter 3 (presented as a published journal paper), a parametric study was conducted 

on the PCM properties when NV is involved for different Australian climates; thus 

parameters of both of these strategies were analysed in detail. The results illustrated where 

a premium must be placed on latent heat TES and NV design in order to optimize this 
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combination, along with the impact of climate factors on regulating this combination. 

Chapter 4 (presented as an unpublished journal paper which is under review) presents a 

parametric study on the relationship between the PCM melting temperature, quantity, 

location, coupled thermal insulation, and the resultant energy saving when PCMs have 

been used alone. Chapter 5 (presented as an accepted peer-reviewed conference paper) 

compares PCM efficiency and characteristics in different climates when it used alone or 

in conjunction with NV. Chapter 6 represents a summary of the totality of outcomes 

stemming from the preceding chapters, in contribution to the building physics field as 

well as a research perspective on PCMs and NV.  
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 Abstract 

The rising costs of energy usage in the building sector have intensified research interest in 

passive energy saving strategies such as night ventilation (NV).  Night ventilation has been 

shown to reduce the energy demand for cooling buildings as well as significantly ameliorate 

thermal comfort. A large number of studies have been undertaken to model and assess the 

effectiveness of NV across a wide variety of climates and building types. This paper reviews 

the key research on night ventilation strategies and identifies the main themes and directions 

present in contemporary research. It also classifies NV performance into three broad groups, 

namely climate, building and technical parameters. The literature provides evidence that night 

ventilation strategies are effective across most climate types, but as with most passive design 

strategies, optimisation is required. Approaches to research within the reviewed literature 

include computer simulations and empirical studies; testing with full-scale physical prototypes; 

and monitoring of real world case studies.  The effectiveness of different strategies in different 

climates is examined, as are NV control systems, and the coupling of NV with other systems.  

 Introduction 

Buildings represent around 40% of total energy expenditure and 30% of all greenhouse gas 

emissions [1]. Nevertheless, there has been a growth in energy consumption by the building 

sector. For example, Australia’s total energy consumption is predicted to rise by 24% from 

2009 to 2020 [2]. Many building designs are not optimised for passive cooling and rely on 

mechanical systems to maintain an acceptable indoor environment [3]. Not surprisingly, 

reducing the energy consumption of buildings and utilising passive cooling methods have 

become prominent features in contemporary building physics research. Given that HVAC 

constitutes a significant proportion of building energy end use [4], energy efficient heating and 

cooling are critical to sustainable development. To reduce the energy demand of buildings 

whilst maintaining comfort levels, the adoption of various passive energy saving techniques 

such as night ventilation, exclusively or coupled with novel thermal energy storage like phase 

change materials (PCMs) [5-7] or other energy-efficient systems such as wind-catchers [8], 

earth to air heat exchange systems [9, 10], atriums [11], and so forth is required.  

Night ventilation (NV) is an effective passive cooling technique whereby the daytime heat gain 

of a building is released at night-time through the intake of the outdoor cool air. That is, the 

colder nocturnal air that circulates through the building during night ventilation cools the 
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indoor air and building fabric; afterwards, the consequent cooled structure slows the rate at 

which the internal temperature rises during the day [12-14], thereby decreasing the cooling 

energy demand [15, 16] and improving occupant thermal comfort [17]. Passive cooling is the 

interaction of all measures acting to decrease heat gains coupled with accessible heat storage 

and heat sinks [18]. Ventilation can be achieved by means of fans or by natural air movement; 

for natural ventilation, windows may be controlled manually or automatically by a central 

building management system [19]. Since natural ventilation allows the possibility of high 

fluctuations in the air change rate, hybrid ventilation systems are often employed to ensure a 

constant airflow rate. Hybrid ventilation is a combination of mechanical and natural forces in 

a two-mode system where the operating mode differs according to the season and daily 

fluctuations [20]. 

In past years, many studies have been conducted with a focus on different aspects of night 

ventilation in either lone deployment or coupled with additional cooling and thermal 

improvement strategies [21, 22]. Given the proliferation of studies, a holistic view of night 

ventilation is challenging.  This study reviews related night ventilation research undertaken in 

the last 20 years (1997 – 2017) to identify the ongoing themes and directions (which covers the 

most significant studies on NV).  

This review will first expand on the effectiveness of NV in order to establish the reasoning 

behind optimisation of this strategy within the global context (Section 2). Section 3 presents 

the parameters of effective NV. As with many other passive cooling strategies, night ventilation 

can be combined with other methods, the most notable in the literature being the use of thermal 

energy storage. The key literature on this topic as it relates to night ventilation is summarised 

in Section 3.6. A much newer technique utilizing phase-change materials is summarised in this 

section, before the key issues (limitations and optimisations) as they relate to the literature in 

the field are identified.  The ventilation modes, control methods, supplementary systems, and 

barriers of NV are covered in Section 4, which summarises the widespread use of night 

ventilation in multiple site conditions. 

 Utilization of night ventilation in different climates 

Several studies focus on the improvements offered by night ventilation. This section 

summarises these studies according to climate, with notes on the type of experiment, simulation 

and analysis. Table 2.1 demonstrates the key aspects of the main selected articles (climate, 

methodology, location, building type, and area of research) and the resultant analysis has 
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revealed some recognisable themes and research directions. As shown in Fig. 2.1, which 

visualises data over the world map using Microsoft’s Visual Studio, the utilization of NV is 

prevalent in many climatic zones throughout the world, including even humid, tropical zones. 

It is imperative to note that the efficacy of NV is highly contingent upon local climate 

characteristics which stem from the effect of urban morphology [23], meteorological 

conditions and such other microclimatic variables as the urban heat island effect [24, 25]. 

Urban heat decreases the effectiveness of NV techniques as it gives rise to the reduction of 

urban air quality and contributes to alterations in the urban microclimate [26]. However, to 

lessen these adverse impacts there are some useful techniques such as the utilization of cool 

coatings [27] or green roofs [28].  Additionally, although NV has been used in different types 

of buildings, its use is more common in non-residential buildings since the absence of personnel 

at night permits the attainment of higher air change rates. The results also demonstrate that in 

order to optimise night ventilation systems, coupling with other passive or active systems is of 

paramount importance. Furthermore, studies have prominently been concerned with improving 

the thermal energy storage as one of the main parameters of NV; therefore, in recent years the 

use of phase change materials as novel thermal energy storage in NV systems has been 

increasing [6]. 
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Table 2.1. Summary of parameters of the reviewed articles. 

Climate Ref 

Study 

Methodology 

Location  (Köppen and Geiger 

Climatic classification [29] ) 

Building Type/ 

Construction System 
Area of Research 

A
ri

d
 

 [30] 

A spreadsheet computer program 

and action psychometrics software 

(Sunshine Technology, USA, 1995) 

Al-Ain city, United Arab Emirates 

(BWh) 
Low-Rise heavy residential buildings 

Improving NV with a combined wall–

roof solar chimney  

[31, 32] 

A full-scale model (EnergyPlus) 

derived from an  experimental 

model in Arizona [33]  

Yazd, Iran (BWh) 
A typical office building with 

lightweight structure 
Combined use of PCMs to optimise NV 

[17] 
Simulations of EnergyPlus and the 

flow solver of Design Builder 
Nicosia, Cyprus (BSh) Vernacular buildings 

The impact of natural NV on the thermal 

comfort of vernacular buildings 

 

T
ro

p
ic

al
 

[34] 
Survey from a prior study [35] 

which is a full-scale experiment 
Johor Bahru, Malaysia (Af) Residential buildings 

Optimisation with the use of ceiling 

insulation and window shading devices 

[36] 

Monitoring and analysing 

experimental test cells, as well as 

simulations using EnergyPlus 

Kumasi, Ghana (Aw) 

Test cells with an office schedule were 

examined. To assess the effect of 

thermal mass, three different thermal 

masses, namely solid sandcrete blocks, 

baked bricks, and concrete were used. 

Thermal mass, window size, and NV 

T
em

p
er

at
e 

[38] 

The study is a method consisting of 

analytical evaluations of a model 

and simulations of a room. 

Wuhan, China (Cfa). 

A whole-building hygrothermal model. 

The test cases from the Annexe 41 

project [39], and Bednar and Hagentoft 

[40] calculations  

NV combined with AC 
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[41] 

Quantitative evaluations and 

analysis of all parameters affecting 

the thermal mass efficiency in peak 

cooling load reductions. 

Hong Kong, China (Cfa) 
A simple office building under daytime 

air conditioning and NV 
NV combined with thermal mass 

[42] 

 

Numerical study of a TRNSYS 

model developed in an earlier study 

[43], and a case study of a Cuiller 

built low inertia timber frame 

house. 

Carpentras, France (Cfa) 

 

 

 

Low inertia timber frame houses 

 

 

NV combined with a Ventilated Internal 

Double Wall (VIDW) 

[44] 

Case studies and simulations using 

the TRNSYS-COMIS tool from a 

prior study [45]. 

Ghent, Belgium (Cfb) 

Office building 

 
Guidelines for a natural NV design 

[46] 

Algorithms derived from real 

building enclosures and numerical 

simulations with the TRNSYS 

simulation software 

Ghent, Belgium (Cfb) 

A typical standard office room; the 

geometry is described in a prior study 

by Breesch et al. [45, 47]  

The sensitivity of the NV performance to 

convection algorithms 

 

[48] 

The study examined the 

measurements compared with 

simulations with TRNSYS-COMIS 

Kortrijk, Belgium (Cfb) A heavy construction office building 
NV coupled with an earth-to-air heat 

exchanger 

[49] 

Building prototype thermal 

analysis; monitoring and 

simulations (TRNSYS software) 

Algiers, Algeria (Csa) 
A heavy construction residential 

building 

The impact of overhangs and thermal 

mass on NV  

[37]  

Experimental research using a 

numerical model described in a 

prior study developed by the 

authors [50] 

Seville, Spain (Csa) Office building Combined use of PCMs to optimise NV 
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[22] 

Real scale measurements in three 

free-floating and air-conditioned 

buildings, and also a series of 

simulations using the TRNSYS tool 

Athens, Greece (Csa) 

Building 1: A heavy construction office 

building (Meletitiki) 

Building 2: A light construction office 

building (University) 

Building 3: A heavy construction office 

building (National Observatory of 

Athens’ or NOA) 

The potential and limitations of NV under 

different structures, design, ventilation, 

and climatic conditions 

[51] 

Measurements conducted in 10 

urban canyons and simulations with 

a transient simulation tool 

(TRNSYS) and the AIOLOS 

software tool. 

Athens, Greece (Csa) 
Urban environment (10 urban canyons); 

a typical single-zone room 

The impact of urban environment on NV 

energy performance 

[52] 
Simulations using EnergyPlus 

validated with experimental data  
Athens, Greece (Csa) 

A high thermal inertia living space in a 

single floor open plan built space  

Solar thermosphonic configurations 

coupled with NV 

[53] 

Detailed monitoring of energy data 

of 214 selected residential buildings 

that adopted NV systems and 

simulations using TRNSYS. 

Athens (Csa) and Samos (Csa) , Greece Residential building 
The relation between the building cooling 

demand and NV contribution 

[54] 

A standard building recommended 

by the Australian Building Controls 

Board was simulated in Energyplus 

Adelaide, Australia A typical commercial office building 
NV coupled with different facade 

constructions  

[21] 

A full-scale experimental study of a 

test building followed by numerical 

studies using the TRNSYS software  

La Rochelle, France (Cfb) 

Office and classroom building 

(University Institute of Technology 

(I.U.T), La Rochelle) 

NV coupled with mechanical cooling 
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[55] 

Simulations using the BRE high-

speed thermal simulation program 

3TC [56] and a pre-design tool 

Middlesex; England (Cfb) 

The study model consists of a thermal 

and ventilation simulation model of a 

typical cellular air-conditioned office 

building. 

NV and mechanical ventilation 

[57] 

The study consists of simulations 

using the ‘Airflow Network 

Models’ of the building integrated 

into Energyplus. Pressure 

coefficients (Cp), derived using the 

formula of Swami and Chandra, is 

utilised, as well as, the web-based 

software Cp Generator, CPCALC+, 

and, the wind tunnel tests by Tokyo 

Polytechnic University (TPU). 

Bergamo (Cfa) compared with several 

locations across Europe: Groningen 

(Cfb), Munich (Cfb), Innsbruck (Cfb), 

Rome (Csa), Palermo (Csa) 

A high thermal inertia isolated six-

storey office building  

Pressure coefficients (Cp) sources and 

NV 

[58] 

Long term building monitoring and 

experimental simulations conducted 

in ESP-r 

Prague, Czech Republic (Cfb) Commercial building 
A coupled HVAC system comprised of 

daytime top cooling and NV 

C
o
ld

 

[59] Simulations using EnergyPlus 

Three cities in northern China; Harbin 

(Dwa), Shenyang (Dwa) and Beijing 

(Dwa) 

A lightweight construction typical 

office building  

NV performance, and optimising its 

control strategies 

[60] 

Analytical–mathematical models, 

the self-evident program, 

Designer’s Simulation Toolkit 

(DeST) developed by Tsinghua 

University. 

Harbin, China (Dwa) 
Commercial building (large 

supermarkets) 

Energy saving and cost analysis of NV 

coupled with AC 
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Figure 2.1. The visualisation of contemporary studies over the Koppen climate map. 
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 The parameters of effective night ventilation 

Researchers have presented an overview of night ventilation, covering the critical 

parameters holistically. Artmann [61, 62] determined the influence of heat gains, air flow 

rates, heat transfer coefficients, building structure, and climatic conditions, as well as 

yearly differences in total NV overheating degree hours. Geros et al. [22] also presented 

the key parameters, which include the effective night-time airflow rate, as well as the 

indoor-outdoor temperature differential, and the quantity of exposed thermal mass. In this 

section, the literature relating to the key parameters of NV is examined. The aim is to find 

the aspects that give the greatest optimisation of and potential for night ventilation.  

 Air flow parameters 

As with all passive cooling through increased air movement, the velocity at which the air 

moves translates to the number of air-changes per hour and determines how much air 

volume is transferred into/out of the building. Artmann [61] showed that NV air change 

rate sensitivity makes thermal comfort predictions highly uncertain. This is especially 

true in the case of natural ventilation as the outside wind conditions are stochastic in 

nature, with a range of 0.2-4 ACH in a case studied. However, once a critical airflow rate 

is reached, no further improvement is noticeable with NV alone, and the addition of other 

factors such as thermal storage is needed. To improve the airflow, devices such as solar 

chimneys were explored in the work of Koronaki [52]; in this case, the wall temperature 

and orientation become critical parameters as they directly impact on the air flow rate. 

Duct width, as well as orientation, wall surface temperature, and height all influence the 

airflow rate. The research revealed that wall height is more influential than duct width in 

obtaining a faster flow rate.  

When mechanical systems are used, the energy consumption of the fans becomes an 

important parameter. Lain et al. [58] examined the electricity used by the fan systems in 

a coupled top cooling and night ventilation set up. The research showed that the increased 

coefficient of performance (COP) of mechanical cooling systems attributable to the 

energy savings afforded by NV decreases due to the electrical power usage of the fans. 

They also reported that the internal gains from office equipment are actually much lower 

than those stated on the equipment labels. Also, Solgi [63] stated that when air change 

rates of over 15 ACH are required, the energy demand for fans as well as disruptions to 
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the internal spaces make NV unfeasible as a productive and comfortable cooling strategy. 

Moreover, Liu Y et al. [64] showed that the impact of outdoor air temperatures in 

improving NV effectiveness was greater than that of increasing airflow velocity.  

 Cooling load parameters and reducing daytime cooling loads 

The night ventilation potential is significantly improved by the increased cooling energy 

demand of the building as the increased cooling demand created at night results in more 

available energy stored in the building during the day. The percentage contribution of NV 

to the energy performance of a building is not dependent on the initial cooling load, and 

its relative contribution to the initial cooling load varies between 10 and 40%, with an 

average of 26%. Buildings with higher cooling loads were shown to benefit more 

significantly than buildings with lower cooling needs [53] (Fig. 2.2). The initial cooling 

load before the application of night ventilation is found to be linearly related to the energy 

benefit of NV use for a specified airflow rate. This energy performance of NV is 

contingent upon the distinct initial cooling load of different air flow rates, especially air 

change rates of 2, 5, 10, 20 and 30 ACH. However, the airflow benefits of the per unit air 

change rate per hour of NV significantly decrease at higher airflow rates, especially when 

the energy performance of NV per unit of airflow change is limited to 3.3, 2.5, 1.8, 1.2 

and 0.7 kWh/m²/y, for 2, 5, 10, 20 and 30 ACH of air flow. The variation in NV 

parameters led Leenknegt et al. [65] to simulate and compare 1008 cases using weighted 

overheating hours (WOH). The WOH evaluates the overheating time using the following 

equation:  

 

𝑊𝑂𝐻 =∑ 𝑚𝑎𝑥[(𝑇𝑜𝑝,𝑖 − 𝑇𝑙𝑖𝑚). Δ𝑡, 0]
𝑡𝑒𝑛𝑑

𝑖=𝑡0
                                                                          (1) 

 

Top,i is the operative temperature in the room [°C]; Tlim is the maximum comfort 

temperature (25 °C) and Δt is the time step (0.167 h). 

 

It was found that the ACH increased for each instance that the WOH was added; however, 

this increase plateaus at higher air change rates (Fig. 2.3).  
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Figure 2.2. Calculated reduction in the cooling demand as a result of the use of NV [53]. 

 

Figure 2.3. Difference in WOH compared to the parallel case (same IG and ACH) with CHTC from 

TRNSYS integrated into calculations [65]. 

The Fraunhofer building located in Freiburg, Germany was utilised to study NV 

efficiency parameters experimentally by Pfafferott et al. [66] who revealed that the solar 

and interior heat gains and air flow rates had the most impact. To examine the influence 

of critical parameters on night ventilation efficiency, Blondeau et al. [21] analysed 

daytime temperatures and NV effectiveness by interpreting the resultant temperatures 

through translation into comfort improvement indices. The results have shown that 

regardless of weather-related conditions, with a temperature range of just 8.4 °C, NV was 

able to decrease the daily internal air temperature by about 1.5 to 2 °C. 

 Building shape, location, construction and function 

Gratia et al. [67] chose a narrow plan building, suited for natural ventilation, to study the 

use of NV to cool office buildings in the moderate climate of Belgium. With natural 

ventilation, in addition to the building envelopes, factors such as the shape, size, type and 
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location of the windows were considered important. In order to obtain a specific 

ventilation rate, the opening area of windows and the type of ventilation differed based 

on wind protection and wind orientation. The authors ascertained that single-sided 

ventilation was as effective as cross night ventilation, in that with 8 ACH, both reduced 

the cooling load by approximately 40%. The results from the study by Landsman et al. 

[68] of NV performance regarding indoor environmental conditions, adaptive comfort, 

and heat removed, demonstrated that  the NV performance of each building varied mainly 

due to the differences in their typology and functionality. The results illustrated that NV 

strategies in combination with each building’s physical construction attributes affect the 

overall performance.  

Geros et al. [51] found no noticeable outcome in utilising single-sided ventilation in their 

study related to the effectiveness of night cooling strategies in an urban environment, with 

airflow between the two locations ranging from 0.2 to 10 ACH.  The air flow rate for the 

two data sets ranged from 4 to 69 ACH, and the impact of wind velocity and direction 

became more evident for cross-ventilation. In single-sided ventilation, the two profiles of 

the zone indoor temperature differences inside the canyons ranged between 0.02 °C and 

2.6 °C. The zone indoor temperature difference of cross ventilation ranged between 0.2 

°C and 3.5 °C, notably higher in comparison to the indoor temperature obtained from 

outside the canyons. The wind speed outside the urban canyon remained higher than 

inside, resulting in reduced ventilation airflow rate for zones located inside the canyons. 

This combined with the higher ambient temperature within the urban spaces had a 

significant impact especially with single-sided ventilation.  

 Temperature differentials 

Givoni [69, 70] suggested that the productivity of NV is maximized in desert and arid 

regions with night-time temperatures below 20 °C, a summer diurnal temperature 

fluctuation of 15 - 20 °C, and a maximum daytime temperature between 30 and 36 °C. 

Shaviv et al. [71] investigated the possibility of using a simple design tool capable of 

predicting the reduction of indoor summer temperature necessitated by NV air change 

rates and quantity of thermal mass. The results revealed that the decline in maximum 

indoor temperature was reliant on the main parameters of thermal inertia, the diurnal and 

nocturnal temperature range of the site, and air change rate, and that the prediction of 

indoor temperature was a function of these stated parameters (Fig. 2.4). 
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Figure 2.4. The reduction in Maximum Temperature as a function of the Temperature-Swing [71]. 

 Convective-heat-transfer-coefficients and algorithmic parameters for 

simulation  

Prior studies have established the importance of convective heat transfer coefficients 

(CHTC) to the efficiency of NV [73]. The cooling performance of conventional NV is 

reliant on the CHTC from the exposed building mass and the cool night-time air flow; the 

thermal inertia is recharged by the infrared and solar radiation through the air-to-room 

convective process in the daytime [44]. Several studies disclose that the convective 

cooling of the air in the space and thermal inertia have a considerable impact on the 

predicted performance [45, 65, 74]. However, the studies by Breesch [47] and Artmann 

et al. [75] utilised arbitrary values by not integrating the ventilation system design, and 

were independent of the interior, which limits the authority of their findings [76]. The 

influence of the CHTCs on the energy balance of buildings under heating and free-

floating conditions is stated in the International Energy Agency (IEA) Annex 28 Report 

[77]. For natural NV to be effective, CHTCs require increased air change rates; however, 

this requirement may not always apply. The simulation study conducted by Blondeau et 

al. [21] noticed no substantial difference in the indoor air temperature predictions derived 

from several increased convective coefficients at night-time. 

Furthermore, the study of Breesch et al. [44] using different convective heat transfer 

algorithms in a single occupancy office under single-sided natural ventilation in a 

moderate climate found that different convective heat transfer coefficients (CHTCs) 

algorithms alone were not a sufficient indicator of the vast differences in overheating 

hours. Parameters like the internal heat gains, schedule of occupation, and room 



15 

 

characteristics were considered in the study of Vidrih et al. [78] on control matrices 

derived from Generalized model-based predictive weather control (G-MPWC). As a 

result, three predetermined air temperature control matrixes were produced: 24 ºC in the 

first two days of operation; 25 ºC for the following three days; and 26 ºC for the remainder 

of the testing period (Fig. 2.5).    

 

Figure 2.5. Coefficient of performance (COP) of the free cooling system controlled with G-MPWC and 

optimised G-MPWC algorithm (conventional control algorithm with control at 2 °C) [77]. 

Simulations using convection should evaluate the CHTC per surface rather than per zone 

as is currently practised, as shown by Leenknegt et al. [65]. The coefficients can be 

predicted from the flow pattern. Also, in the prediction of the flow pattern, a more precise 

classification system is required. Goethals et al. [46] evaluated the impact of employing 

empirical CHTCs algorithms in the design of NV systems by analysing the applicability 

of convection correlations for multi-zone energy simulation. They found that the 

convection algorithm is equally important as the design parameters, with the chosen 

convection algorithm greatly influencing the energy and thermal comfort predictions. 

When no NV is active, the chosen convective correlation is of little significance. 

However, in night-ventilated spaces, an accurate convective heat transfer algorithm is 

imperative, reinforcing the importance of a precise description of the CHTCs derived 

from experiments or computational flow dynamics (CFD), particularly for the day and 

night flow NV regimes. Ramponi et al. [57] stated that the choice of various sources of 

pressure coefficients (Cp) has a considerable impact on the accuracy of the natural 

ventilation predicted airflow rate. However, it is not as crucial for the prediction of the 

passive cooling effects of night ventilation in detached block-shaped low-rise buildings 

compared with other building simulation parameters like the internal CHTC. The 
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calculated night ventilation rate differences are up to 15% for the entire building and 

approximately 20% for a single room. 

 Thermal energy storage 

Utilizing short-term Thermal Energy Storage (TES) is a key ingredient in strategies used 

to control energy demand. The ability of TES materials to absorb excess energy, and to 

store and release it at a later time is known as thermal inertia, and when such heat transfer 

is timed correctly, thermal inertia can be used to improve thermal comfort and reduce 

auxiliary energy demand [79]. Factors that influence the effectiveness of TES include its 

exposure, location, diurnal temperature differences, the convective heat transfer 

coefficient, and its heat capacity [22, 54, 80].   

Leenknegt et al. [65] in assessing the role of an exposed thermal mass, found that covering 

up the thermal mass led to worsening of thermal comfort with a noticeable change in 

weighted overheating hours (WOH) compared with if the mass was left exposed, as 

shown in Fig. 2.6. They also found that the results are highly sensitive to the selection of 

the convective heat transfer coefficient (CHTC), thus demonstrating that the CHTC and 

exposure of TES should be assessed jointly when simulation techniques are used. 

 

Figure 2.6. Correlations comparison for the spread of thermal comfort with and without accessible 

thermal mass [65]. 

 

Shaviv et al. [71] studied the influence of thermal inertia and NV on the peak indoor 

temperature in summer. The study sought to ascertain the circumstances under which NV 
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and thermal inertia become effective passive cooling strategies in the summer of a hot 

and humid climate, in four different locations along the coastal plain of Israel (Nahariya, 

Geva Carmel, Tel Aviv and Gaza). The results showed that the coupling of NV and 

thermal mass is an effective strategy for passive cooling. The effectiveness, however, is 

reliant on the diurnal temperature range of the site, which in some instances may be 

minimal because of high humidity. Notably, a decrease of between 3 °C and 6 °C in 

indoor temperature was achieved in a building with heavy thermal mass using NV without 

air conditioning. They also noted the improved thermal performance of light/medium and 

medium/heavy structures, although a lightweight building performed somewhat like a 

heat trap, requiring a greater diurnal temperature range to achieve the same effects. 

The analysis conducted by Amos-Abanyie et al. [36] found that thermal inertia and 

window size combined with NV are interdependent influences on reducing peak indoor 

air temperature (PIAT). The analysis revealed that an increase in thermal mass through 

materials change led to a drop in PIAT. In their study using an airflow rate of 10 ACH, 

concrete had the greatest impact on reducing PIAT, followed by solid Sandcrete blocks, 

and then baked bricks. The results show a decrease of overheating hours for Sandcrete 

blocks of between 36% and 42%, for baked bricks, 37% to 39%, and for concrete, a 

reduction of 35% to 39%. Window size reduction was effective in reducing PIAT for all 

test models, with a decrease in PIAT leading to a reduction of no more than 0.9 °C, while 

window-shading devices led to lower radiant and conductive heat gains and had little 

effect on reductions achieved from variations in window sizes. Windowless concrete 

walls achieved a maximum reduction of 4.3 °C using NV. However, with windows, 

concrete showed a decrease of about 3 °C, with baked bricks showing a decline of 0.7 °C. 

Yang et al. [41] studied the relationship between the amount of thermal mass, the thermal 

characteristics and convective heat transfer, combined with appropriate external climatic 

factors in reducing cooling load. They found that the time constant  (the time required for 

mass to respond) of the thermal mass is significant in influencing the capabilities of the 

thermal mass to efficiently store heat and alter the peak cooling phase of the load, as 

shown in Fig. 2.7. Significantly, by increasing the time constant to 400 hours, there was 

a reduction in cooling load of more than 60%. However, with a time constant of more 

than 1000 hours, there was a possible increase in cooling due to the delay in heat release 

from the thermal mass until daytime. Thus, to achieve maximum efficiency in the 
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reduction of the cooling load, the internal and external convective heat transfer 

coefficients must increase correspondingly. 

 

Figure 2.7. Ratio of the cooling and overall cooling load profiles relative to the time constant [41]. 

Roach et al. [54] simulated an office building to demonstrate that a traditional economizer 

cycle, operating 24 hours each day, under thermostatic control, delivers energy savings. 

A number of facade structures were chosen. Afterwards, the impact of altering the 

location of the thermal mass within the structure was investigated. It was ascertained that, 

in the warm marine climate zone of Adelaide, Australia, increasing the inside facade mass 

is preferred to increasing the mass on the outside.  

  

 Phase change materials characteristics 

The use of thermal mass in a building can reduce the peak heating or cooling load [81-

83], and consequently the building energy consumption [84], particularly when it is 

integrated with night ventilation [85]. The simplest method to store thermal energy is in 

the form of sensible heat storage (SHS), which stores thermal energy by increasing the 

temperature of a solid or liquid. The amount of heat stored depends on such factors as the 

amount of storage material, changing the ambient temperature, and the specific heat 

capacity [86]. There are two major advantages of SHS. First, it facilitates system design 
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due to the use of bulk materials. Second, it is inexpensive and reduces the risk of using 

toxic materials. The main downside of using SHS materials for thermal storage is the 

volume of space occupied by the SHS material for the amount of stored energy needed 

[87]. In today's building industry, there are two related reduction strategies that mitigate 

the inclusion of sufficient thermal mass. These include reducing material usage, and 

reducing the weight of the construction. 

Latent heat thermal energy storage (LHTES) has gained traction over SHS because at a 

constant temperature, or within a very low temperature range, LHTES can conserve a 

relatively high amount of energy [88]. Phase change materials (PCMs) are well known 

examples of materials using latent heat thermal storage. PCMs are substances with high 

heat of fusions, melting and solidifying at predictable temperatures. The three main 

reasons for PCMs remaining attractive are high thermal density, the wide range of PCMs 

with different melting/freezing temperatures, and within a range, the relatively steady 

melting/freezing temperatures [89]. The deployment of PCMs has been shown to reduce 

the energy consumption for maintaining comfortable conditions in a building [90]. 

PCMs are categorized as organic, inorganic and eutectic compounds, with each group 

having its typical range of melting temperatures and enthalpy [91]. High thermal energy 

storage capacity is considered to be the most important characteristic for materials 

intended for use as PCMs. Over the last 30 years, salt hydrates, paraffin waxes, fatty 

acids, and eutectic organic/inorganic compounds, have been the most employed types of 

PCMs. There has been much debate on the issue of selecting the most economical PCMs 

for specific applications and climatic conditions, resulting in the melting temperature 

factor being the most influential parameter [92].  

 Night ventilation and phase change materials 

Phase change materials have been successfully used for reducing the cooling load of 

office buildings utilizing naturally or fan-assisted night ventilation [93-95]. Studies in 

night ventilation have been carried out in different climate zones worldwide with different 

applications of PCMs. For instance, the effectiveness of PCM to increase NV 

performance in an office building in Chambery was studied by Evola et al. [96]. In this 

study, air change rates of 2–8 ACH between 21:00 and 06:00 were applied, resulting in a 

decline in the mean daily and peak operative temperatures. In addition, thermal comfort 

when integrating proper NV with PCMs outperformed PCMs without NV by 10%; 
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meanwhile, the application of more than 4 ACH lacked notable improvements. Seong et 

al. [97] pointed out that PCMs coupled with NV were highly efficient, in that this 

combination could decrease annual cooling loads, the peak load, and the highest indoor 

temperature around 9%, 11% and 0.85 °C, respectively.  

Solgi et al. [31, 32] combined PCMs and NV in office buildings of a hot-arid climate, 

resulting in a 45.5% reduction of the annual cooling load. It illustrated that the application 

of PCMs throughout the whole building contributed to reducing the cooling load, except 

for ground floors, where the addition of PCMs resulted in an increase of the cooling load. 

Moreover, the study on the amalgamation of NV with PCMs for the highest daytime and 

the lowest night-time temperatures in the warm months revealed that this combination 

not only reduces the average room temperature substantially but also decreases the peak 

temperature and moves it away from electricity peak demand. This combination can also 

reduce the cooling load of AC on the hot days, or even completely eliminate the necessity 

for AC on moderate days. In addition, the impact of NV on the inner surface temperature 

of the walls showed that in the majority of occupancy hours, the temperature of wall 

surfaces was about 0.5°C lower than the room temperature, bringing about the 

improvement of thermal comfort conditions.  

The workability of passive integration of PCMs as a novel retrofitting option to augment 

occupant thermal comfort and reduce peak zone temperature in a modern five star energy 

rated house in Melbourne was investigated by Jamil et al. [98]. A controlled NV with the 

schedule of 19:00 to 7:00 for the opening area, which was 20%, was also devised. Owing 

to the passive installation of PCMs into the ceilings, the results demonstrated up to a 1.1 

°C drop in room indoor air temperature during daytime, along with a 34% drop in thermal 

discomfort hours. This improvement was strongly contingent on occupant behaviour in 

properly following the NV strategy. It was also observed that provided that windows were 

left open at night-time for NV and the internal doors were kept closed at all times to hinder 

any mixture with surrounding zones without PCMs, the deployment of PCMs was 

effective in reducing thermal discomfort hours. In addition, when the same volume of 

PCM was spread in the ceiling and walls an additional amelioration of PCM efficacy was 

observed. 

Zhou et al. [99] carried out an investigation using an empirical model to study the thermal 

performance of a hybrid space-cooling system with night ventilation and thermal storage, 
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using shape-stabilized phase change material (SSPCM). A room of an office building in 

Beijing oriented towards the south, which includes SSPCM plates as the inner covering 

of the ceiling and walls, was analysed. The results indicated that in summer in Beijing, 

the thermal-storage effect of SSPCM plates combined with NV, compared with the case 

without SSPCM and NV, could improve the level of indoor thermal comfort, while also 

conserving approximately 76% of daytime cooling energy consumption. 

Servando et al. [37] in the MECLIDE project identified some drawbacks of combining 

PCMs with night cooling ventilation, namely preventing the use of considerable volume 

of PCM due to the very low convection heat transfer coefficient, the very low application 

of the stored night cool due to the time lag between when the cool is stored and when it 

is needed, and the restricted space between PCMs and cool air. It was claimed that using 

PCMs in hollow core slabs and ventilating facades with fins filled with PCMs (Fig. 2.8) 

was better than the prevalent application of PCM either for storage capacity or cooling 

power. Compared to prevalent solutions, the aforementioned innovative solutions 

increased the contact area between PCM and air by a factor of approximately 3.6, 

contributing to an exponential increment in the convective heat transfer coefficient, and 

consequently permitting the cool storage to be utilized by means of active systems when 

required. 

 

Figure 2.8. Integration scheme of MECLIDE solutions [37]. 

In order to analyse the thermal behaviour of the cooling unit in both day-mode and night-

mode, a window-based cooling unit filled with PCMs was designed in a typical south-

facing office room in Beijing (Fig 2.9, 2.10) [100]. The unit was discharged at night for 

8h by natural ventilation, and on the subsequent day, the stored heat was actively released 

from indoors for 3h. The results revealed that at night, the greatest area of the PCM slabs 

with optimum thickness (5 mm) could be thoroughly solidified, and that less solidification 
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time could be reached with thinner PCM slabs. During daytime within 1h the cooling unit 

could decline the indoor temperature by 3.3 °C, and maintain the temperature for 2h over 

5 consecutive days.  Moreover, compared to a traditional air conditioner with the same 

capacity, the cooling unit could save around 1.9 kW/h.  

 

 

 

Figure 2.9. Cooling unit configuration: (a) perspective 

view of the cooling unit; (b) PCM layer [99]. 

Figure 2.10. Operation mode: (a) “Down” location of the 

cooling unit in night mode; (b) “Up” location of the cooling 

unit in day mode [99]. 

Nagano et al. [101], by using 30 mm granular PCM in the floor of an office building with 

a new type of supply air conditioning system, while also using NV over 24h periods, were 

able to provide 89% of daily cooling needs. In addition, the operation of daytime air 

conditioning was limited to 3h from 13:00. Barzin et al. [102], in a practical experiment 

using two test huts with smart control systems, examined the combination of PCMs with 

NV. In this research, PCM impregnated gypsum boards were used in one hut while the 

other hut had ordinary gypsum, and fans were only used in the hut with PCMs. The 
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control system was programmed to utilize the AC unit if the next day was forecast to be 

sunny. Results showed that the PCM room temperature did not drop below 20 °C, even 

with an outdoor temperature of 15 °C. They also found that while PCMs could produce 

energy savings, improper use could lead to higher power consumption. Additionally, 

using only AC showed little savings, while night-purge showed a weekly 73% energy 

saving. 

Based on studies which have been carried out [37], the effective thickness of PCMs 

depends on their locations in the building. If both sides of the PCM, as opposed to only 

one side, are exposed to air flow, the effective thickness is doubled. Notably, using 

excessive thicknesses of PCM is not profitable, as this will not allow phase change to 

occur. However, one method for improving the effective thickness of PCMs is increasing 

their thermal conductivity [103]. 

 The effectiveness and barriers of night ventilation  

In this section, different aspects of night ventilation are reviewed - the ventilation modes, 

control methods used and the supplementary systems that can be used in conjunction. At 

the end, some challenges of night ventilation that have been noted in literature are 

presented. 

 Mechanical cooling (air-conditioning and fan-forced ventilation) 

In many studies, the use of night ventilation reduced the daytime cooling demand of air-

conditioners. Geros et al. [22] found that night cooling created an average reduction of 

3.0°C when night air-conditioning was used (or 0.2°C when passive ventilation was 

used). Blondeau et al. [21] showed a daytime reduction of 1.5-2.0°C using NV in 

conjunction with mechanical and evaporative cooling. The investigations of Wu et al. 

[60] detailed the use of NV in combination with active cooling for large supermarkets 

located in the cold climates of China. This combination (NV and active cooling) with 

high thermal mass (including the mass of goods within the buildings) was used to reduce 

the cooling load and operational time of active cooling systems. In summer, the longest 

reduction by active cooling achieved was 11 hours. However, both systems 

simultaneously reduced this efficiency gain. Both NV and active cooling influence each 

other as active cooling is affected by the NV start-up time, duration, and ventilation rate. 

As such, NV becomes more efficient when active cooling is turned off. Authors found 
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that the coupled deployment of both active cooling and NV led to a shorter operational 

duration for active cooling. Zhaojun et al. [59] showed that even light-weight construction 

benefited from night-ventilation, with a maximum reduction of 3.9°C when an ACH of 

10 was used. This study was conducted in the cold climates of Northern China for office 

blocks. An extensive study for office blocks, educational buildings and production 

buildings in Germany was conducted by Voss et al. [18] who include night ventilation 

amongst the effective passive strategies covered. The promising results of their studies of 

new constructions are optimistic for retrofitting passive systems into older buildings. 

Geros et al. [22] predicted energy savings of 39 and 96% when using night ventilation, 

although flow rates of 10 and 30 ACH would be needed to achieve this. More effective 

in this presented case study is the use of exposed thermal mass and heavy construction. 

Finn et al. [104] found that by raising the volume of thermal mass from 887 kg/m2 to 

1567 kg/m2 per unit floor area, a 3 °C reduction in daily temperature can be obsereved. 

Moreover, increasing ventilation rates up to 10 ACH can reduce peak temperature up to 

1.0 °C. Most studies indicate that beyond a critical air-flow rate, the value of increasing 

the airflow diminishes and the added energy of running fans becomes an issue.  

 Natural cooling (cross and stack driven air-flow) 

The impact of daytime ventilation can often be enhanced when night ventilation is used 

as passive daytime ventilation alone might not be sufficiently effective to provide 

complete thermal comfort. Kubota et al. [34] present the case of night-ventilated terraced 

residential buildings in Malaysia (with a hot-humid climate) performing better than 

daytime ventilation alone, provided some dehumidification is also used (Fig. 2.11). 

Landsman et al. [105], whose research is also set in the Malaysian climate, support this 

result with the recommendation of using low-energy systems (such as ceiling fans). They 

show that the elimination of night-time air-conditioning is a possibility, although the 

daytime temperature could reach unacceptable levels as a result. In their study, NV was 

shown to produce a significant reduction in the peak indoor air temperature by as much 

as 2.5 °C on average. The night-time temperature reduction was approximately 2.0 °C. 

Night-time cross-ventilation was investigated by Aimilios et al. [106] in the 

mediterranean climate of Cyprus. As with the previous study (Shaviv et al. [71]), heavy 

vernacular construction led to effective night cooling. Irulegi et al. [107] provided an 

extensive set of simulations for a variety of configurations within Spain’s different 
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climatic zones. Their findings showed the possibility of eliminating air-conditioning 

during the full working period, and depending on which category of comfort is set, the 

temperature reduction averages 1 °C. The impact of NV on improving internal thermal 

comfort levels was studied by Exizidou et al. [17]. The outcomes of the study demonstrate 

that the average PMV index for the non-ventilated and night ventilated zones was 2.25 

and 1.1 respectively. However, there are limitations to using NV strategy concerning the 

ratio of the opening sizes and proper air velocities. A large-scale study of 214 residential 

buildings which adopted night ventilation is summarised by Santamouris et al. [53] (set 

within Athens and Samos). Their findings show that night ventilation reduces the cooling 

loads of the buildings under study by approximately 40 kWh/m2. 

 

 
 

Figure 2.11. Daily SET configurations, Test 1: With daytime ventilation vs. with NV; Test 2: With no 

ventilation vs. with NV; Test 3: Full-day ventilation vs. with NV [34]. 
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 Control Methods 

The efficiency of free cooling by augmented night-time ventilation can be improved 

considerably by adopting an appropriate operation control algorithm. Zhaojun et al. [59] 

conducted their study of NV effectiveness in the cold climate of Northern China - Harbin, 

Beijing and Shenyang. In the control strategies for Harbin, air conditioning was utilised 

when the outdoor or indoor air temperature exceeded 26 °C. However, during the 

nighttime with an outdoor temperature lower than the mean radiant temperature of the 

internal fascia of the building fabric, outside air driven by fans was provided to cool the 

building. The Shenyang and Beijing control strategies were applicable from 9:00 pm to 

7:00 am with a minimum outdoor temperature of 25°C and an air change rate of 10 ACH. 

The study found that the effectiveness of night ventilation significantly improved by 

initiating the NV set-up time closer to the active cooling period, and a longer NV 

operational duration improved the efficiency. 

In the  Roach et al. [54] research, the control system was set so that when the external 

ambient temperature was 2 °C lower than the room temperature, the mechanical 

ventilation system is switched on and continues until the night setpoint temperature 

(tested for 13°C, 15°C, 17°C and 19°C) was attained. In doing so, although the setpoint 

of 13 °C brought about the minimum annual cooling energy consumption, owing to 

overcooling in the morning, a minimum setpoint of 15 °C was selected as the desired 

setpoint for further analyses. Bozorgchami et al. [108] considered that the most efficient 

time for NV in office buildings in Yazd, Iran is between 12:00 pm and 7:00 am. However, 

in this city, Solgi et. al [109] defined an optimum set-point temperature as 30 °C 

recommending that night ventilation commence when outside temperature is lower than 

the aforementioned set point. This was to preclude the entry of warm air during operation 

of night ventilation during hot nights. 

Leenknegt et al. [65] explored the flow regiment that would correctly model the surface 

convection during NV, and found that the Beausoleil-Morrison algorithm [110] may, in 

fact, leads to an overestimation of cooling efficiency. Vidrih et al. [78] examined the 

influence of enhanced night-time ventilation for free cooling, and the decrease of energy 

demand in buildings. The study focused on obtaining control matrices from a generalized 

model-based predictive weather control algorithm (G-MPWC). The control matrix 

derived from the G-MPWC is a simple, precise technique for ascertaining the most 
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significant factors of free cooling for enhanced night-time ventilation (Fig. 2.12). It 

considers the lesser number of meteorological factors and is intended for dynamically 

forecasting the thermal comfort of the free-cooling system in the building. The study 

found that the control matrices used by G-MPWC are capable of reducing the cooling 

energy demand of the buildings (having 120-240% higher the coefficient of 

performance), although differing in levels of complexity and essential user skills for 

monitoring. Weather-predicted controlling was found to be the most efficient strategy, 

while the resultant control matrix tends to be static and established for specific buildings. 

It is also simple to integrate into the control unit of an automated ventilation system and 

has high accuracy in its predictions. 

 

Figure 2.12. Operational scheme of the building free cooling by enhanced night-time ventilation [77]. 

 

 Night ventilation and supplementary passive cooling 

Design features can also be used to improve ventilation rates. The analytical and 

experimental study conducted by Imessad et al. [44] using a prototype house examined 

the impact of passive cooling techniques such as insulation, thermal mass, and NV on 

residential building energy demand and thermal performance in a Mediterranean climate. 

The study revealed that integrating overhangs and using insulation in the climate of 

Souidana, Algiers make the use of night ventilation more effective. However, as 

illustrated in Table 2.2, NV can be successfully coupled with other energy-efficient 

techniques, namely ventilated internal double walls, solar thermosyphonic systems, earth 

to air heat exchange systems, atriums, and solar chimneys. In other words, each of these 

combinations could raise the efficiency of the NV and the level of thermal comfort, but 

the results and conditions vary according to the type of the supplementary system. 
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Table 2.2. Night ventilation coupled with other passive techniques. 

Ref Coupled Systems Images Outcomes 

[42] Ventilated Internal 

Double Walls (VIDWs) 

 

 Since the thermal mass is especially small 

and localized, this system is particularly 

productive in timber-frame houses. 

 Provided that NV is inside the VIDW, the 

cooling impact is very noticeable. 

 To facilitate the convective exchanges, it is 

imperative to have an adequate air velocity 

(1–1.5 m/s) in the air gap and a SVIDW/S 

floor ratio above 0.9, cooling the room 

effectively.  

 It is observed that a drop in the maximum 

room temperature differs from 2 °C to more 

than 5 °C based on the SVIDW/S floor ratio. 

 The introduction of obstacles in the air gap 

(consisting of about 50%) resulted in 35% 

increase in performance and the average 

CHTC. 

[52] Solar Thermosyphonic 

Systems 
 

 
 

 A concrete chimney has the capability for NV 

cooling, whereas its performance is 

contingent upon orientation and the 

configuration. 

 The solar chimney with an attached duct 

behind the absorber (SC2) facing W had the 

best performance with 98% higher flow rate 

compared with the SC1 (conventional solar 

chimney) oriented S. 

 The second preferred option would be the 

conventional solar chimney (SC 1) oriented 

W with simulated results showing NV 

achieved through this configuration provided 

80% acceptability thermal comfort conditions 

in a 24-hours period and 90% acceptability 

within the limit in an 11-hour period 

[48] Earth to Air Heat 

Exchange (EAHEs) 

 

 Two passive cooling techniques adopted in 

the building; natural NV and an EAHE 

system were assessed and compared.  

 It was found that natural NV would be 3 to 5 

times more efficient in improving thermal 

summer comfort than EAHEs. 
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[111] Atriums 

 

 Acceptable thermal comfort conditions can be 

reached with passive cooling even under 

extreme climate conditions. 

 Not only was an appropriate building operation 

essential to maintain the room temperature 

within the required limits but also the 

behaviour of occupants apropos of opening 

windows and operating shading systems had an 

underlying impact. 

 An excellent performance of the building in 

that total primary energy consumption 

(including heating, cooling, ventilation and 

lighting) was 115 kWh m-2a-1   

[112] Atriums and EAHEs 

 

 

 Approximately 10 percent of the working 

hours operative temperatures is above 25 °C. 

 To preclude disturbance of the natural 

ventilation by additional, mechanically driven 

air flows, Hybrid ventilation strategies ought 

to be applied. 

 Advanced control strategies by virtue of 

weather forecasts, an adapted simulation 

model can be utilized. 

[30] Solar Chimneys 

 

 

 

 An increase of the solar chimney height from 

0.15 to 1.65 m results in a 2.6 m/s increase in 

the airflow rate of the wall - roof solar 

chimney and results in an air change per hour 

of 26.  

 The optimum height of the wall - roof solar 

chimney is a 0.15 m inlet with a wall height 

of 3.45 m, resulting in a significantly 

improved NV performance in reducing the 

indoor air temperature from an improved 

airflow rate. 

 Night ventilation barriers 

In spite of the advantages outlined in the previous sections regarding the utilization of 

night ventilation systems, barriers of NV (as opposed to air conditioners) were captured 

by Kubota et al. [35]. Results demonstrated that while approximately 80% of respondents 

opened their windows during the daytime, only around 10% did so during night-time. 

Also, an approximate 38% of interviewees claimed that the intrusion of insects was the 

main reason, followed by security (35%), rain (22%), dust (18%), air-conditioners (13%).  

Outside air is flushed through the building to provide cooling, allowing anything in the 

air to be entered into the building. Hence, careful consideration of ambient air quality and 
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the location of openings is essential. That is, sufficient daytime ventilation needs to be 

provided to ensure indoor air quality during occupied hours. This strategy can easily allow 

noise into a building as well. Security is another issue, as this system is contingent upon 

the feasibility to close the building during the day, and opening it up substantially at night. 

Moreover, the designer should work out the challenge of extracting the heat by night 

either naturally or actively; however, in many locations the speed of wind is not adequate 

at summer nights [80]. Therefore, there are uncertainties related to the effectiveness of 

NV strategies particularly when the external air temperature is high [45]. Low energy 

systems are more difficult to establish compared to standard HVAC systems and 

customarily necessitate a well-integrated synergy across the design, construction and 

maintenance phases; this is to prevent breakdowns or inefficiencies associated with poor 

design, installation, operation and maintenance [58]. 

 Conclusion    

This study set out to determine the effectiveness and limitations of night ventilation across 

several climates throughout the world. There is uncertainty regarding NV effectiveness 

when the outdoor temperature is exceedingly high, or the daily temperature amplitude is 

insufficient. That is, typically climates with high diurnal ranges provide the most 

convincing situation for utilising night ventilation, while in contrast, hot-humid climates 

with warmer nights, are generally affected less. Extreme weather events and urban 

microclimates produce atypical conditions that require additional mitigation measures for 

effective night ventilation. The case of buildings with heavy thermal mass construction; 

however, presents a situation where NV can have some effect even with high humidity. 

Both passive and active NV are also capable of reducing the cooling energy demand and 

improving the indoor thermal comfort for occupants; however, their impacts vary 

according to some parameters. The parameters that influence NV performance can be 

classified into three broad groups, namely: 

 

 The climatic parameters such as local outdoor temperatures, daily temperature 

amplitudes, and topography. 

 

 The building parameters such as the useful thermal inertia available, the solar and 

internal heat gains, the presence of insulation, level of air tightness and functionality. 
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 The technical parameters such as the heat transfer coefficient (CHTC), the optimal 

operation of the adopted cooling technique, the operational time and duration, air flow 

rates, and the NV control algorithms. 

Many different building typologies were utilised in the studies reviewed, including 

residential, commercial, libraries and laboratories. However, the majority of the studies 

were conducted in non-residential buildings. This trend is the result of the limitations of 

NV with regards to the indoor privacy as well as the operational period of the building at 

night. There is great potential for utilizing PCMs as innovative and lightweight thermal 

storage for NV systems since combining PCMs with NV considerably reduces the 

necessity for HVAC systems. This combination gives the potential for buildings in 

climates with low night-time outdoor temperatures to utilise natural or fan-assisted NV 

coupled with PCMs to exponentially augment their cooling performance. Additionally, 

linking NV with other techniques such as VIDW, thermos-syphons, EAHEs, atriums, and 

solar chimneys can be highly effective, in that an acceptable thermal comfort condition 

can be attained with passive cooling even under extreme climate conditions. The coupled 

operation of NV and these other strategies is aimed at boosting its effectiveness, 

especially for climates (warm and humid) or in building typologies (low thermal inertia 

timber-framed buildings) that cannot support the exclusive deployment of NV in terms 

of energy savings and improvement of thermal comfort.  
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 Abstract 

Night ventilation (NV) is a productive passive cooling technique which demonstrates a 

high potential for reducing cooling loads and improving thermal comfort; however, its 

efficiency is highly contingent upon such factors as thermal energy storage. In the current 

building industry where utilizing lightweight structures is of paramount importance, the 

usage of Phase Change Materials (PCMs) as efficient lightweight thermal energy storage 

for NV is becoming rapidly prevalent. Although the effects of the independent variables 

of NV and PCMs are well-known, their interrelationship has not been clearly established. 

This study therefore set out to explore the correlation between PCM quantity and 

transition temperatures, as well as NV airflow and delta temperature, thermal insulation 

and the resulting energy saving. To do so, a model, validated utilizing a full-scale 

calorimeter, was employed for numerical simulations of three different climates. It was 

found that in tropical climates, coupling NV with PCMs was non-effective. Nevertheless, 

in sub-tropical and hot-dry climates, cooling thermostat set-points, as well as thermal 

insulation play a key role in defining the optimal PCM temperature utilized for NV. The 

optimal transitional temperature, however, is not dependent on the PCM thicknesses, but 

thickening PCMs raises energy saving. The use of well-insulated envelopes increases NV 

efficiency and stabilizes the optimal PCM transition temperature, defined as 1 °C lower 

than the cooling set-point temperature. It is also concluded that the importance of thermal 

insulation in raising NV efficiency is greater than PCM volume. Furthermore, low delta 

temperature and high airflow result in increasing NV efficiency; however, these 

phenomena have no effect on the optimal PCM meting temperature. 

 Introduction 

Passive cooling techniques present an important alternative to conventional air 

conditioning of buildings when the imperative is to reduce energy use. Cooling a building 

through night ventilation (NV) is a well-known passive technology which is particularly 

suited to buildings unoccupied during the night such as office buildings. This technique 

reduces the internal temperature of a building at night so that the rate at which it will 

warm up during the following day is delayed [1-3], thereby reducing the required cooling 

load [4, 5] along with ameliorating occupant thermal comfort [6]. Thus, NV results in the 

reduction or elimination of the required active cooling for the following day by lessening 

the rises in the building fabric and indoor air temperatures [7, 8]. Usually NV systems 
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work by utilizing a mixture of natural or mechanical ventilation alone or coupled with 

such other techniques as earth-to-air-heat exchangers [9, 10], atriums [11], solar chimneys 

[12], etc. The performance of NV relies on three parameters [13]: first, the technical 

parameters such as the NV control algorithms, the optimal operation of the adopted 

cooling technique, airflow  rates, the operational time and duration, and the heat transfer 

coefficient; second, the climatic parameters such as the daily temperature amplitudes, 

local outdoor temperatures, and topography; and third, the building parameters such as 

level of infiltration and functionality, the presence of insulation, internal heat gains, and 

thermal inertia.  

NV is most productive when a building contains a reasonably high level of thermal mass, 

so that during the day excess heat can be absorbed [14, 15]. That is, the efficiency of the 

night cooling strategy is highly contingent upon on the capability of the buildings thermal 

inertia to conserve the night coolness and utilize it during the following day. The use of 

thermal mass in a building can reduce the peak heating or cooling load, and consequently 

the building energy consumption, particularly when it is integrated with NV [16]. A 

problem arises; however, when material and weight reduction strategies are incorporated 

in a building design in that, sensible heat storage in the building fabric may be insufficient. 

Therefore, the latent heat storage available in lightweight Phase Change Materials 

(PCMs) can prove to be effective for heat storage, and consequently conserve energy. 

The deployment of PCMs has been shown to reduce fluctuations in air temperature, shift 

the peak of heating and cooling loads by a number of hours, thereby reducing the energy 

consumption for maintaining comfortable conditions in buildings [17, 18]. Furthermore, 

deployed PCMs in buildings can save low-priced energy during off-peak periods, and 

discharge it when needed, resulting in a reduction in energy cost [19, 20]. Other benefits 

include ease of implementation, low volume, and enhancing the thermal storage potential 

of buildings with nominal changes to the building fabric [21]. However, for incorporation 

in building structures, PCMs require to be encapsulated in order to prevent leaking when 

in the liquid state [22], as building structures can be affected by issues such as corrosion 

[23]. Additional advantages of using encapsulated PCMs in TES include avoiding such 

problems as phase separation and super-cooling, simplifying incorporation in heat storage 

and also longer PCM lifetime [24]. Encapsulation of PCMs, nevertheless, contributes to 

a considerable increase in their costs [25, 26]. However, integrating PCMs into building 

elements is appealing as they do not require separate space. There are generally four 
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prevalent locations for incorporating PCMs in buildings: in walls [27, 28], in floors [29, 

30], in ceilings [31-33], facades [34], and in isolated storage systems which can be 

controlled in order to supply cooling or heating as required, and is common for active 

systems [35].   

To date, PCMs have been successfully used for reducing the cooling load of office 

buildings utilizing NV in different climate zones worldwide [36, 37]. Solgi et al. [38, 39] 

combined PCMs and NV in office buildings of a hot-arid climate, contributing to a 45.5% 

drop of the annual cooling load. This study demonstrated that, the deployment of PCMs 

in the entire building resulted in significantly decreasing the cooling load, with the 

exception of the ground floor, where the use of PCMs augmented the overall load. 

Servando et al. [40] studied various problems of the common combination of PCMs with 

NV and then proposed new solutions. It was concluded that utilizing ventilating facades 

with fins filled with PCMs as well as PCMs in hollow core slabs was superior than the 

prevalent usage of PCM both for cooling power and storage capacity. Zhou et al. [41] 

investigated the thermal behavior of a hybrid cooling system with NV and shape-

stabilized phase change material (SSPCM) in Beijing. The results showed that the effect 

of SSPCM plates integrated with NV in comparison to the case without SSPCM and NV 

could save around 76% of daytime cooling load demand.  Nagano et al. [30], by using 30 

mm granular PCM in the floor of an office building in conjunction with NV systems, 

could provide approximately 90% of daily cooling demand. Additionally, due to this 

combination the operation of daytime AC was limited to around 3 hours per day from 1 

pm. 

Whilst the studies outlined above demonstrate the high potential of combining PCMs with 

NV for energy conservation, research to date has not yet determined the optimal 

transitional temperature and quantity of PCMs, as well as the impact of in conjunction 

insulation for effective night ventilation. Much uncertainty still exists about the 

workability of such combinations in different climates, and it is also not known whether 

the optimum PCM transitional temperatures for buildings are dependent on such NV 

parameters as airflow and delta temperatures. This research, utilizing both empirical 

research and numerical simulations, investigates the optimum PCM types considering 

optimal air changes per hour (ACH) and delta temperatures for NV in three Australian 

climates. The results will provide other researchers and designers with comprehensive 

information as to which combinations are most effective. 

http://www.sciencedirect.com/science/article/pii/S037877880500143X
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 Methodology 

 Calorimeter characteristics 

In this study a full scale calorimeter has been utilized experimentally to test PCMs in 

outdoor conditions (Fig. 3.1). The dimensions of the main body of the calorimeter are 

210×210×90 cm with 30 cm of insulation separating the inside from outside in respect of 

thermal consideration. Four thermocouples on both sides of the roof, floor, and each wall 

are located to monitor the thermal condition of the envelope. Inside the main body, the 

indoor air temperatures are measured using nine thermocouples on a baffle. There is also 

a fan, using a net installed on the top of the baffle, which can circulate air equally into the 

system. The second part of the calorimeter is the frame or test-wall holder which is 

equivalent to the main body and capable of accommodating a variable wall with 

dimensions of 150×150 cm. A nominal connection between these two parts is 

accomplished with utilizing 5mm polyethylene insulation in conjunction with two clamps 

on each side. Aligned with the baffle thermocouples, there are also nine thermocouples 

inside and outside of the test-wall. Coupled with the main body there is a chamber (the 

third part) containing a Lauda system (RK8 KP) [42] for providing heating/cooling loads, 

a flow control valve, a voltage reducer module to create different air velocities in the fan 

coil system and regulate the indoor temperature, and an Agilent 34970A [43] data logger 

linked to a laptop for recording all the input and output data at three minute intervals. 

Notably, all the information concerning locations and numbers of the thermocouples in 

addition to the baffle adjustment is established on ASTM standard [44]. Note that all the 

thermocouples, which are series T with the error limit of ± 0.5 °C within the range of -

200 to 350 °C [45].  

As shown in Table 3.1, the test-wall from inside to outside respectively is made up of 12 

mm indoor AQUAPANEL cement board, 10 mm BioPCM with a transition temperature 

of 24 °C, 50 mm polystyrene insulation, and 12 mm outdoor AQUAPANEL cement 

board. The Enthalpy curve as a function of temperature for PCM24, which has been used 

in the study, can be seen in Fig. 3.2. Additionally, a pyranometer (Kipp & Zonen CMP 3) 

[46] was utilized for recording solar radiation to collect weather data, together with a data 

logger for recording humidity and temperature. Data from the equipment outlined above 

was recorded at five-minute intervals. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/control-valves
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electric-potential
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             Table 3.1. Specifications of the model. 

Element K, 

W/(m·K) 

Thickness, 

m 

U, 

W/(m2·K) 
R, 

(m2·K)/W 
Density, 

kg/m3 
cp, 

J/(kg·K) 

Test Wall (inside to outdoors)       

Indoor AQUAPANEL 0.25 0.012 20.83 0.048 750 1090 

PCM 0.22 0.010 22.22 0.045 235 1970 

Polystyrene 0.04 0.050 0.80 1.25 35 1210 

Outdoor AQUAPANEL 0.25 0.012 20.83 0.048 750 1090 

Main Part (inside to outdoors)       

Polyethylene 0.33 0.004 83.3 0.012 920 2000 

Polystyrene 0.04 0.292 0.13 7.30 35 1210 

Polyethylene 0.33 0.004 83.3 0.012 920 2000 

Frame (inside to outdoors)       

Wood 0.15 0.004 38.4 0.026 608 1630 

Polystyrene 0.04 0.292 0.13 7.30 35 1210 

Wood 0.15 0.004 38.4 0.026 608 1630 
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                                Figure 3.1. Schematic of calorimeter. 
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Figure 3.2. Enthalpy curve as a function of temperature for PCM24. 

 

 Numerical Simulation 

The above-mentioned calorimeter model was considered as a case study and EnergyPlus 

software version 8.8 was used to model the calorimeter using the recorded weather data. 

It is significant to note that EnergyPlus includes a validated PCM algorithm that follows 

a similar approach to ASHRAE standard 140 [47] that enables users to simulate the effect 

of PCMs using the “Conduction Finite Difference (CondFD)” algorithm. The data 

collected during the period of the experimental studies was also used to produce the 

boundary condition for the simulation, including ambient temperature, humidity and solar 

radiation, i.e. the realistic outdoor boundary condition has been considered for all 

enclosure elements in the simulation. The physical experiment was conducted in the 

Northern Hemisphere, while the simulations take place in the Southern Hemisphere.  

Simulation model faces north and an infiltration rate of 0.3 ACH is assumed.  The 

simulation period was taken to be the same as the experimental studies. An office 

schedule (8 am-17 pm) was applied to the model, and based upon the Australian National 

Construction Codes (NCC), the thermostat heating and cooling set-points, which are 18°C 

and 26°C, respectively, were also set [48].  Furthermore, in order to prevent buildings 

from ventilating warm air during the night, NV begins when the outdoor temperature is 

below 30°C [38], operating from 12-7 am.  
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Results from the simulation are compared with the experiment. As illustrated in Fig. 3.3, 

overall there is approximately a 2 percent average difference between the indoor 

temperature recorded within the calorimeter and the simulation within the 10-day period 

and the correlation coefficient is approximately 0.95.  Despite the minimal temperature 

difference there is some inertia discrepancy particularly during the nights of day 2/3 and 

8/9.  This is likely due to higher wind velocities during this time resulting in greater 

infiltration losses to the calorimeter than that described by the model. EnergyPlus EPW 

files use 20-year averaged wind data in the simulations. 

 

Figure 3.3. Hourly indoor temperatures of the experimental and the simulated models. 

 Climate and Automation 

In this study, three Australian cities - Alice Springs, Brisbane, and Darwin - situated in 

different climatic zones, based on the Köppen and Geiger climate classification [49], are 

studied (See Table 3.2). The EnergyPlus software was automated by means of 

programming to take into account the effect of dissimilar scenarios related to PCM 

transition temperatures, thicknesses, and coupled insulation, as well as night ventilation 

airflow and delta temperatures. As a result, 12 PCM transition temperatures (18-29 °C) 

at 1 °C intervals, 3 PCM thicknesses (10-30 mm) at 10 mm intervals, and 4 outside 



52 

 

insulation thicknesses of 40, 80, 120, and 160 mm (or envelopes with R -values of 1.08, 

2.05, 3.03, and 4 m2K/W), as well as 3 air change rates (5-15) at 5 intervals and 5 delta 

temperature (1-5 °C) at 1 °C intervals were investigated. Delta temperature is the 

temperature difference between the indoor and outdoor air dry-bulb temperatures below 

which ventilation is switched off. To evaluate the energy conservation percentage, the 

condition without PCM was also simulated. For each climate, therefore, 2220 simulations 

were run. 

              Table 3.2. Average monthly weather data [50]. 

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

Alice Spring "Bwh"             

Mean maximum 
temperature (°C) 

36.3 35.1 32.8 28.3 23.1 19.9 19.8 22.7 27.3 31.1 33.7 35.4 

Mean minimum 

temperature (°C) 
21.5 20.7 17.5 12.6 8.2 5.0 4.0 6.0 10.3 14.7 17.9 20.3 

Mean 9am relative 

humidity (%) 
32 37 36 41 53 63 56 42 31 27 29 32 

Mean 3pm relative 
humidity (%) 

21 24 23 24 30 34 30 23 18 18 19 22 

Brisbane "Cfa"             

Mean maximum 
temperature (°C) 

44.5 42.0 39.5 37.4 33.7 28.9 28.2 37.9 38.5 41.0 42.1 42.0 

Mean minimum 

temperature (°C) 
19.4 19.4 17.3 14.2 10.9 7.9 6.5 6.9 10.1 13.4 16.1 18.4 

Mean 9am relative 

humidity (%) 
66 69 70 70 74 70 68 63 59 60 61 64 

Mean 3pm relative 
humidity (%) 

60 62 59 59 59 51 50 47 50 56 58 60 

Darwin "Aw"             
Mean maximum 
temperature (°C) 

31.8 31.4 31.9 32.7 32.0 30.7 30.6 31.4 32.6 33.3 33.3 32.7 

Mean minimum 

temperature (°C) 
24.9 24.7 24.6 24.0 22.2 19.9 19.3 20.3 23.0 24.9 25.3 25.3 

Mean 9am relative 

humidity (%) 

81 83 82 74 65 60 60 64 68 69 72 76 

Mean 3pm relative 
humidity (%) 

70 72 67 52 43 38 37 40 47 52 58 65 

 Results and Discussion 

 PCM thickness and NV efficiency 

The effect of PCM thickness on the optimum PCM transition temperature and NV 

effectiveness is presented in this section based on 40 mm (R-value= 1.08 m2.K /W) 

insulation, as well as 5 Air changes per hour (ACH) and 1 °C delta temperature for NV, 

and a set-point temperature of 26 °C.  Fig. 3.4 shows monthly cooling load demand for 

different PCM transition temperature coupled with NV, while Table 3.2 indicates the 

PCM energy saving for different thickness scenarios, according to the annual energy 

demand. It should be noted that all the percentages are presented in comparison with the 

base condition, which is without PCM. As evidenced in Fig 3.4a using low R-value 

http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmaxtemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitionstemp.shtml#meanmintemp
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
http://www.bom.gov.au/climate/cdo/about/definitions9and3.shtml#mean9amrh
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opaque envelopes, in the Alice Springs desert climate (with the cooling period of 

September-March), PCM-26 °C is optimal for most of the year, with the expectation that 

for March 25 °C being the optimal transition temperature owing to the lower ambient 

temperatures. Using PCM-26 °C, September and October demonstrate the highest 

effectiveness of 58% and 55% energy saving, respectively. Since in addition to the cold 

nights that make NV desirable, the daily temperatures during these months are not very 

high, PCM melting is delayed, thereby making the most of PCM potential. However, 

during hot months like December and January, the energy saving is around 11% and 13%, 

respectively; considering the base cooling loads for this climate, these reductions are 

noticeable. Overall, the use of PCM-26 °C can reduce cooling loads around 16%, 

followed by 14% for PCM-27 °C, and 13% for PCM-25 °C. Moreover, as illustrated in 

Table 3.3, there is no change in the optimal PCM transitional temperature with increased 

PCM thickness, and PCM-26 °C is still the optimum for all the aforementioned climates. 

Also, increasing the PCM thickness improves the overall energy saving, so that when 

utilizing PCM-26 °C with the thicknesses of 10, 20, 30 mm, the amount of energy saving 

is approximately 16%, 21%, and 27%, respectively. 

 

 
(a)                                                    Cooling Load (MJ) (b)                               Cooling Load (MJ) 
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 (c)                                                                                                      Cooling Load (MJ) 

Figure 3.4. Monthly cooling load demand for different PCMs coupled with NV in (a) Alice Springs, (b) Brisbane, (c) Darwin. 

 

 

 

Table 3.3. The impact of PCM thicknesses on energy consumption for, three main melting temperatures. 

 Without 

PCM (MJ) 

PCM 

Thickness 

(mm) 

PCM25 

(MJ) 

Cooling 

Load 

Reduction 

PCM26 

(MJ) 

Cooling 

Load 

Reduction 

PCM27 

(MJ) 

Cooling 

Load 

Reduction 

Alice 

Springs 
85.3 

10  74.6 13% 72.0 16% 73.3 14% 

20  68.9 19% 67.1 21% 69.0 19% 

30  64.5 24% 62.6 27% 65.7 23% 

Brisbane 10.8 

10  5.2 52% 4.0 63% 5.3 51% 

20  3.8 65% 3.0 72% 4.2 61% 

30  2.7 75% 2.4 78% 3.6 66% 

Darwin 176.4 

10  164.1 7% 159.2 10% 159.8 9% 

20  157.0 11% 153.7 13% 157.0 11% 

30  151.3 14% 149.4 15% 154.6 12% 

 

In the Brisbane sub-tropical climate (Fig 3.4b), during hot months (December-February), 

PCM-26 °C is optimal by being able on average to reduce the cooling loads around 63%. 

However, during moderate months (March and November), PCM-25 °C is optimal and 

as such can almost eliminate the required cooling loads for those months. Nevertheless, 

on the whole, the transition temperature of 26 °C is optimal, and since in this sub-tropical 

moderate climate indoor temperatures are mainly in the range of the PCM transition 

temperature, PCMs have the greatest potential. As a result, coupled with NV, 10, 20, and 

30 mm PCM-26 °C can save around 63%, 72%, and 78% cooling loads, respectively, 

showing that despite low-diurnal temperature fluctuations, the combination of NV and 

PCMs for this climate is highly effective (See Table 3.3). 
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The Darwin tropical climate requires cooling loads throughout the year (see Fig 3.4c). As 

evidenced, in this climate, the use of PCMs coupled with low R-value envelopes can 

increase NV productivity; however, the amount of energy saving varies according to the 

PCM transition temperatures. With an average of 9% energy saving for the hot months 

(November-February), PCM-27 °C is optimal, while in moderate months (March-May 

and August-October), PCM-26 °C is the optimum with an average of 15% energy saving. 

The reason for lower energy saving during hot months is the quicker melting during days 

and low productivity of NV at night, but all in all, as in other climates and for the 26 °C 

set-point temperature, PCM-26 °C is optimal and can save approximately 10% cooling 

loads. While the percentages appear low, it is significant that the amount of actual energy 

saving is 1.2 and 2.15 times more than the Alice Springs and Brisbane optimal conditions. 

Thus, in this type of climate, for low thermal insulation, providing that PCMs are utilized, 

NV can be productive, particularly during moderate months. Overall, by increasing 

thicknesses to 20 and 30 mm, the energy saving reaches 13% and 15% (Table 3.3); 

however, the noteworthiness of thermal insulation regarding PCM usability in this climate 

will be discussed in the next section. The results show that in cooling-dominant climates 

for NV with low R-value opaque envelopes, the PCM thickness parameter does not alter 

the optimum PCM transition temperature, and the optimal phase change temperature is 

almost the cooling set-point. However, increasing the PCM thicknesses reduces the 

overall energy demand.  

 Insulation impact on PCM and NV efficiency 

This section illustrates the impact of insulation on the optimum PCM transition 

temperature and NV cooling productivity for cooling-dominant climates when these are 

coupled with airflow of 5 ACH and delta temperature of 1 °C. As indicated in Fig. 3.5a, 

for Alice Springs, in the case of utilizing 80 mm insulation (R-value=2.05 m2K/W) or 

greater, PCM-25 °C is optimal for all the PCM thickness range as opposed to PCM-26 

°C for 40 mm insulation. Also, increasing insulation thicknesses in this climate reduces 

the required cooling loads, so that for the optimum PCM, raising insulation thickness to 

80, 120, and 160 mm respectively results in 19.9, 27.4, and 31.4 MJ energy saving. As 

shown, the use of PCMs with high melting temperatures along with high thermal 

insulation has a negative effect on the overall energy saving, e.g. the utilization of PCM-

28 °C and PCM-29 °C in combination with 160 mm insulation gives rise to 12% and 8% 
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increase in cooling load demand. Principal among the reasons for this detrimental effect 

is that during the day, PCMs are unprofitable as the cooling set-point temperature is 26 

°C; and at night when HVACs are shutoff, PCMs commence storing heat, and in the 

following day, HVACs are required to counteract and solidify the PCMs, thereby 

increasing the overall energy demand. Table 3.4 demonstrates that for energy saving the 

insulation thickness is more important than the PCM thickness, in that the proportion of 

energy demand in the case of using 30 mm PCM-25 °C with 40 mm insulation is 1.5 

times more than that of 10 mm PCM-25 °C with 160 mm insulation. Also, thickening 

PCMs does not change the optimum PCM transition temperature for the different 

insulation thickness scenarios, although the energy saving increases accordingly. 

Notably, the energy saving percentage for all the PCM thicknesses by increasing the 

thermal insulation dwindles. Therefore, for NV in hot-dry climates, the application of 

adequate insulation in conjunction with PCMs considerably boosts night ventilation 

efficiency, and also stabilizes the optimum transition temperature, which is 1 °C lower 

than the cooling set-point temperature. 

In the Brisbane sub-tropical climate, the impact of insulation on the optimum PCM 

transition temperature is akin to hot-dry climates. That is, for the insulation thicknesses 

of 80 mm and greater, 25 °C is the stabilized optimal transition temperature (see Fig. 

3.5b). As such, the use of insulation in this climate compared with hot-dry climates 

demonstrates a similar trend in decreasing cooling energy demand and consequently 

increasing NV efficiency; however, in sub-tropical climates, the insulation thickness 

enhancement has a further impact on energy saving. For example, by using 30 mm 

optimum PCMs, the energy saving for insulation thicknesses of 40, 80, 120, and 160 mm 

in Brisbane are 65, 67, 68, and 69%, respectively, in comparison with 21%, 15%, 13%, 

and 12% for Alice Springs. Furthermore, in contrast with hot-dry climates, in sub-tropical 

climates, by increasing the R-value, the energy saving for all PCM thicknesses is 

incremental (Table 3.4). Overall, this implies that sub-tropical and hot-dry climates are 

NV-and-PCM-efficient. 

As shown in Fig. 3.5c, for the tropical climate of Darwin with thickening insulation 

similar to the antecedent climates, the 25 °C transition temperature is optimal, 

nonetheless, in this climate, the enhancement of insulation thickness produces a 

diminishing rate of return for PCMs (see Table 3.4). That is, although the use of optimum 

PCM in conjunction with 40 mm insulation can reduce the cooling demand around 10 
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percent (resulting in 159.2 MJ energy demand); the use of 80 mm insulation without PCM 

leads to 133.2 MJ energy demand, which is 3% less. Additionally, increasing the PCM 

thickness does not alter this trend, such that for instance, the energy demand for 40 mm 

insulation and 30 mm PCMs is 149.4 MJ which is 29% greater than simply applying 160 

mm insulation without PCM. Thus, the use of PCMs compared with just increasing 

envelope R-values fails to improve the energy efficiency of NV in this tropical climate, 

so this implies that this climate is not NV-and-PCM-efficient. The main reason for this 

failure is the high nighttime temperatures which result in a non-performance of the 

solidifying process of PCMs at night. Thus, the following day, energy is used by the 

HVAC systems to solidify the PCMs, thereby rendering them ineffective. All in all, the 

more insulation there is, the higher the energy savings.  
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Figure 3.5. The impact of insulation on PCM optimality (10 mm thickness) and NV efficiency of 

(a) Alice Springs, (b) Brisbane, (c) Darwin. 
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Table 3.4. The impact of thermal insulation on NV cooling load reductions and the PCM optimum 

transition temperature. 

  

 Airflow and delta temperature impact on PCM and NV efficiency 

This section delves into the impact of NV airflow rates and delta temperatures on PCM 

optimum transition temperatures and NV efficiency, in a balanced condition (20 mm 

PCMs, 120 mm insulation). To date, a broad range (of 5-30 ACH) has been used as the 

tested airflow rates for different forms of NV [51-55]. Nevertheless, a study regarding the 

use of PCMs in conjunction with NV concluded that an airflow of more than 15 ACH has 

no significant effect on NV productivity and comfort due to the increment in the fan 

energy demand compared with the reduced cooling loads, along with disruption in the 

indoor environment [38]. Therefore, in this research, airflow rates of 5, 10, and 15 ACH 

for different climates are utilized.  Considering Fig. 3.6 which investigates a mere 1 °C 

delta temperature as a parameter, the lowest cooling demands for all the climates achieve 

the minimum when the optimum PCM transition temperature is 25 °C. Thus, the airflow 

factor does not affect the PCM optimal temperature, while it has a considerable effect on 

the energy saving of such climates. That is, in Alice Springs in the case of using PCM-25 

°C, the amount of energy saving for 5, 10, and 15 ACH compared with similar airflow 

but without PCM is 13, 18, 20%, and for Brisbane is 68, 79, 82%, respectively.  

 

 

Insulation 

Thickness 

(mm) 

Optimal 

PCM 

(°C) 

NOPCM 

(MJ) 

10 mm 

PCM 

(MJ) 

Cooling 

Load 

Reduction 

20 mm 

PCM (MJ) 

Cooling 

Load 

Reduction 

30 mm 

PCM 

(MJ) 

Cooling 

Load 

Reduction 

Alice 

Springs 

40 26 85.3 72.0 15.6% 67.1 21.3% 62.6 26.6% 

80 25 60.9 54.7 10.2% 51.7 15.1% 48.8 19.8% 

120 25 51.5 47.2 8.4% 44.7 13.2% 42.6 17.3% 

160 25 46.5 43.2 7.1% 41.1 11.6% 39.2 15.7% 

Brisbane 

40 26 10.8 4.0 62.9% 3.0 72.4% 2.4 77.7% 

80 25 5.0 2.4 50.4% 1.6 67.3% 1.1 78.4% 

120 25 3.2 1.6 49.3% 1.0 67.7% 0.7 79.1% 

160 25 2.4 1.3 48.5% 0.8 66.3% 0.5 78.6% 

Darwin 

40 26 176.4 159.2 9.7% 153.7 12.9% 149.4 15.3% 

80 25 133.2 128.4 3.6% 126.3 5.2% 124.8 6.3% 

120 25 116.1 114.1 1.8% 113.7 1.8% 113.6 2.2% 

160 25 106.7 106.2 0.4% 106.2 0.4% 106.1 0.5% 
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Figure 3.6. The impact of air change rates on PCM and NV efficiency of (a) Alice Springs, (b) Brisbane. 

 

Fig. 3.7 demonstrates NV efficiency based on the condition that the delta temperature 

increases up to 5 °C for three PCM-25 °C thicknesses. As can be seen, in hot-dry climates 

(Fig. 3.7a), augmentation of delta temperature has an adverse impact on night ventilation 

efficiency, so that for 5 ACH airflow application, raising the delta temperature from 1 to 

5 °C results in a 2.3% drop in the 10 mm PCM application efficiency. Additionally, this 

percentage difference rises with increasing airflow rates, i.e. for the 10 and 15 ACH it 

goes up to 3.2% and 4.7%, respectively. The trend of PCM and NV efficiency towards 

the delta temperature enhancement also does not alter with thickening of the PCMs; 

however, due to increasing delta temperatures, the higher the PCM thickness, the higher 

and the amount of energy saving is reduced. For instance, by applying 30 mm PCMs and 

15 ACH airflow, the energy saving difference between 1 °C and 5 °C delta temperatures 

reaches 9%. The principal reason for the negative effect of enhancing delta temperature 

on NV efficiency is reducing the amount of time during which a building can be 

ventilated. Thus, ventilating with lower delta temperatures and consequently for longer 

duration can be more efficient for solidifying thermal energy storage than higher delta 

temperature and shorter ventilation application. Moreover, in sub-tropical climates (Fig. 

3.7b), the negative effect trend of increasing delta temperatures on NV efficiency is 

similar to hot-dry climates; however, this downward trend is more noticeable. For 

example, for 20 mm PCMs and 5-15 ACH airflow, augmenting the delta temperature 

from 1-5 °C gives rise to, respectively, 37%, 39% and 52% reductions in Alice Springs 

energy saving compared with 2%, 5%, and 8% for Brisbane. The principal reason for this 
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considerable reduction compared with hot-dry climates is that since in subtropical 

climates the nocturnal air temperature fluctuations are not high, the duration that includes 

high delta temperatures as well as outdoor temperatures lower than 30 °C is limited, 

resulting in a noticeable reduction in NV effectiveness. Overall, for both climates, the 

highest efficiency is achieved with greater airflow and PCMs thicknesses, and lower delta 

temperatures.  

 

 
Figure 3.7. The impact of delta temperatures on NV efficiency of (a) Alice Springs, (b) Brisbane 

(PCM -25 °C). 
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 Conclusion  

This study set out to investigate the impact of PCMs and insulation thickness, as well as 

NV delta temperature and airflow on both PCM optimality and night ventilation 

efficiency. To do so, a validated model using a full-scale calorimeter was utilized, and by 

automating EnergyPlus software, all the predetermined conditions in three different 

Australian climate zones were simulated.  The results of this study have shown that for 

low insulated opaque envelopes the optimal PCM transitional temperature to be used in 

NV is not contingent on the PCM thicknesses, and this temperature for cooling-dominant 

climates is almost equal to the cooling set-point temperature. Thickening PCMs also 

resulted in an incremental growth in the total energy saving, and the proportion saved is 

reliant on the climate conditions and envelope thermal insulation. One of the most 

significant findings to emerge from this study is the important role of insulation in 

defining the improvement of NV efficiency and optimum PCM transition temperatures. 

That is, the use of well-insulated envelopes in hot-dry and sub-tropical climates not only 

boosts PCM effectiveness but also lessens and stabilizes the optimal PCM transition 

temperature which is 1 °C lower than the cooling set-point temperature. In addition, in 

both climates investigated, the importance of insulation thicknesses in raising NV 

efficiency is more than PCM thicknesses. Also, the optimum PCM transition temperature 

for the different insulation thickness scenarios remains unchanged with the increase of 

PCM thicknesses, notwithstanding the energy saving increases accordingly. In sub-

tropical climates, the insulation thickness increase has a further impact on energy saving, 

and in contrast with hot-dry climates, by increasing the R-value, the energy saving for all 

PCM thicknesses is incremental. On the contrary, in tropical climates, providing that 

well-insulated envelopes are utilized PCMs have almost no efficiency. The root cause for 

this unsuccessful application is the failure of the PCM solidifying process at night through 

NV in consequence of the high night-time temperatures of this climate. Therefore, the 

more insulation is deployed, the more energy can be conserved; since during the daytime, 

HVAC systems need to be utilized for compensation. All in all, the predefined cooling 

set-points, as well as thermal insulation have a pivotal role in defining the optimal PCM 

transitional temperatures utilized for NV. In the NV-and-PCM-efficient climates of 

Brisbane and Alice Springs, the airflow factor has no effect on the optimal PCM transition 

temperature, although it considerably affects their energy saving, such that considering 

the fan energy consumption, raising airflow rates results in considerable drops in the 
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required cooling loads. Also, similar to airflow rates, the delta temperature factor has no 

impact on PCM transition temperatures; however, the enhancement of delta temperatures 

resulting in reducing the amount of time that a building can be ventilated, has an adverse 

impact on the NV efficiency. In summary, for the NV-and-PCM-efficient climates, the 

NV efficiency is contingent upon its airflow and delta temperatures, thermal insulation, 

plus PCM thicknesses and temperatures. 
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 Abstract 

The development of lightweight structures in the building industry has made the usage of 

thermal mass more difficult. Hence, Phase Change Materials (PCMs) due to their latent 

heat storage are a favourable alternative which can be coupled with lightweight 

constructions. This paper explores the relationship between PCM thicknesses, PCM 

transition temperatures, insulation, building orientations and energy consumption. For 

this exploration, a full-scale calorimeter was utilized to validate a model; through 

numerical simulations, the model was then used for four different climates of Australia. 

It was found that for all the climates, increasing PCM thicknesses ameliorates the overall 

energy saving, and the saving proportion is dependent on both the climate conditions and 

envelope R-values. For low R-value opaque envelopes, the optimal transitional 

temperature is contingent upon the PCM thicknesses. Moreover, using insulation in sub-

tropical, hot-dry, and cold climates enhances PCM efficiency and stabilizes the optimal 

PCM melting temperature for differing thicknesses; also, augmenting insulation thickness 

lowers the importance of PCM thicknesses. However, the use of well-insulated envelopes 

in tropical climates has an adverse impact on PCM efficacy due to the hindrance of night-

time energy release. Finally, the PCM energy saving fully depends upon the building 

orientation, while the PCM optimum temperature is not conditional on this factor. 

 Introduction  

More than 30 percent of energy demand in buildings is for heating and cooling purposes 

[1]. The building envelope is one of the main elements of energy conservation such that 

the design and construction of the said envelope has a 20-60% range of impact on energy 

consumption [2]. Furthermore, research indicates that ventilation, cooling and heating 

represent the greatest proportion of energy consumption in buildings [3]. Thus, as the 

energy consumption pertaining to heating and cooling in the building sector rises, 

amelioration of energy efficiency in these areas becomes more crucial. Given this 

scenario, it is imperative that passive methods be utilized in order to decrease energy 

consumption and reduce the reliance on active HVAC equipment [4]. 

In recent years, the application of Thermal Energy Storage (TES) systems has been a 

promising technique in the building sector, creating a high potential for energy 

conservation [5]. The selection of a TES system mainly depends on operating conditions, 

economic viability, the storage period required, and so forth [6]. TES systems used in the 
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building sector have been classified as passive or active systems, permitting the 

rationalized use of thermal energy, the application of waste energy, and incorporation as 

a strategy for shifting peak load [7]. TES utilization could be an effective strategy to 

prompt energy demand decline. That is, TES materials can improve the time lag between 

energy consumption and energy supply by absorbing, storing and releasing useful energy 

[8]. The most desirable characteristics of TES systems are their efficiency in charging 

and discharging heat, coupled with their high-energy storage density. Passive TES 

systems can utilize natural sources to decrease HVAC system loads in addition to 

maintaining interior comfort conditions [9]. These systems include the enhancement of 

thermal mass utilization [10], ventilated facades [11], night ventilation techniques [12, 

13], etc. Alternatively, active TES systems, requiring HVAC equipment to achieve 

appropriate thermal energy charging or discharging, are typically integrated into 

buildings to shift the thermal load from on-peak to off-peak conditions, or to provide free 

cooling by improving the method for storing energy and providing a high degree of 

control for the indoor conditions [14, 15]. 

Latent heat thermal energy storage (LHTES), as a promising technology, has gravitated 

toward heating and cooling purposes [16]. LHTES is a preferable method in that at a 

constant temperature, or in a very low temperature range, it can conserve a relatively high 

amount of energy [17, 18]. PCMs are perhaps the most widely known LHTES material 

owing to their broad variety and numerous melting temperatures, high thermal density, 

and the relatively constant melting temperature within a given range [19, 20]. The 

effectiveness of PCMs in altering the thermal inertia and improving the energy 

conservation of buildings has been illustrated in previous studies [21, 22]. The research 

shows that the application of PCMs can decrease cooling loads through reducing internal 

temperature fluctuations [23], with the exception of ground floors, where the addition of 

PCMs causes a rise in the load [24]. The use of PCMs with melting temperatures 

proximate to the comfort zone temperature is claimed to decrease the energy demand and 

peak indoor temperature, in conjunction with prolongation of the indoor temperature 

period within the comfort zone [25]. Furthermore, depending on the country’s energy 

costs, the installation of PCMs can be either cost-effective [26] or not [27]. A further 

benefit of using PCMs is also the amelioration of the thermal storage potential with 

minimum modification of the existing building fabric [28]. Nevertheless, despite all the 
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advances in improving the PCMs performance, their longevity is less than sensible heat 

materials [29]. 

Ahmad et al. [30] carried out a comparative study on two models. In the test model, 

vacuum insulation panels combined with PCMs were used to raise wallboard efficiency. 

By comparing the results of the reference model and the test model, it was revealed that 

the temperature of the test model at the hottest period of the day reached roughly 40 °C, 

whereas in the reference model, it reached beyond 60 °C. Also, in the winter, when the 

outside temperature was -9 °C, the indoor temperature of the reference model dropped to 

-6 °C, whereas in the test model it dropped to 0 °C. Another comparative investigation 

regarding the thermal performance of microencapsulated PCMs incorporated within 

conventional concrete structures was conducted by Cabeza et al. [31]. In this research, a 

PCM with a 26 °C melting point and a phase change enthalpy of 110 j/g was used. The 

test room with the PCM had maximum and minimum temperatures which were 1 °C and 

2 °C lower and higher, respectively, than the room without the PCM. Moreover, the 

cubicle containing the PCM had a 2-hour delay in reaching the maximum temperature, 

showing that the integration of PCMs into building structures resulted in greater thermal 

inertia. Kaznik et al. [32] used full size rooms in a laboratory to investigate the impact of 

PCMs installed in the test room. The use of a test chamber in this study made simulating 

different scenarios of outdoor conditions with a wide range of variation in solar radiation 

and environmental temperatures feasible. The temperature range within the chamber 

could be varied between -10 °C and 40 °C in order to generate various outdoor 

temperature conditions. This test was carried out for winter, summer and the transitional 

periods. The results demonstrate that in the summer season, overheating of lightweight 

buildings was reduced due to the installation of PCMs within the walls. Chernousov et al. 

[33] carried out a numerical study into utilizing PCMs in office buildings in subtropical 

climates. It illustrated that the considered PCM should be located at the inner building 

envelope part, and that for further improvement, to provide rapid thermal exchange and 

control office temperatures, the PCM should be less isolated from the interior. In addition, 

a 10 mm thick PCM layer was chosen as an optimal thickness and the envelope 

orientation to the sun was selected as a very crucial issue for using PCMs in structural 

elements. In a study conducted by Saffari et al. [34], the optimal PCM melting 

temperature in residential buildings in different climates was determined through 

numerical simulation. The results showed that the optimal PCM melting temperature is 
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about 26 °C (in the range of 24-28 °C) for cooling dominant climates and about 20 °C (in 

the range of 18-22 °C) for heating dominant climates, and that for the climates with 

different cooling and heating degree days, the optimal melting temperature can be 

between the lowest and the highest peak melting temperatures.  

Numerical simulations and experiments demonstrate that for different climatic 

conditions, the passive application of PCMs could address approximately 5-15% of the 

thermal heating and cooling load of buildings. It should also be pointed out that the 

thermal performance and economic indicators of rooms depend upon the thickness 

variations and the overall area of phase change gypsum wallboards.  Moreover, in PCM-

enhanced rooms compared with the reference rooms, the peak temperature was achieved 

2-3 hours later, whereas the mean air temperatures decreased by 1-4 °C [35]; these results 

can be improved further by means of enhancing the heat transfer between the PCM 

storage and the inside air [36].  

In countries such as Australia where lightweight buildings tend to predominate, the 

resulting shortage of adequate thermal mass means that the usage of PCMs as thermal 

energy storage is an appealing option. One challenge is that Australia is a vast country 

with varying climatic zones. However, to date there has been little research regarding the 

optimum temperature range and location of PCMs for the different Australian climate 

zones. At the present time, BioPCM-24 °C is also normally utilized for all of the climatic 

zones of Australia [37]. It is significant to note that BioPCMs as non-toxic organic fatty 

acid PCMs have been used in different international studies using lightweight structures 

[38-42]. This research; therefore, provides meticulously detailed information for 

designers and researchers, resulting from both empirical research and automated 

simulation data. In so doing, the relationship between PCM thickness, transition 

temperatures, envelope R-values, and building orientation for four different climates has 

been examined. 
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 Methodology 

 Experimental setup 

In order to test PCMs experimentally, this research utilizes a full scale calibrated 

calorimeter. The apparatus consists of three sections (Fig. 4.1 and 4.2). The main section 

has dimensions of 210×210×90 cm in addition to 30 cm of insulation which distinguishes 

inside from outside in terms of thermal consideration. For the roof, floor, and each wall, 

there are four thermocouples on each side of the partitions for precise monitoring of the 

envelope thermal condition. Inside this main section, there is also a baffle with nine 

thermocouples to measure the indoor air temperatures, as well as a fan which can 

distribute air evenly into the system by virtue of a net installed on the top of the baffle. 

The second section is the test-wall holder or frame, with dimensions of 150×150 cm, 

which is the same size as the main part and able to accommodate a changeable wall. There 

is a tight connection between these two sections, using 5 mm polyethylene insulation 

coupled with two clamps on each side. There are also nine thermocouples inside and 

outside the test-wall aligned with the baffle thermocouples. All the thermocouples are 

exclusively series T with a  ± 0.5 °C error limit and a -200 to 350 °C limit range [43]. The 

third section is a chamber connected to the main section, with a data logger connected to 

a computer for recording all the input and output information, a voltage regulator module 

(VRM) to produce various fan coil air velocities and control the indoor temperature, a 

flowmeter control valve with ± 3% accuracy, and a LAUDA system (RK8 KP) for 

supplying heating and cooling loads. All numbers and locations of the thermocouples and 

the baffle adjustment are based on the ASTM standard [44].  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/electric-potential
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/control-valves
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Figure 4.1. The calorimeter schematic diagram. 

The test wall from outside to inside is sequentially layered with 12 mm outdoor cement 

board, 50 mm polystyrene insulation, 10 mm BioPCM-24 °C, and 12 mm indoor cement 

board. The 470×1200 mm PCM mat is available in the form of fillable square pouches 

with dimensions of 105×115 mm joined to a 0.35 mm multilayer polyfilm mat. BioPCMs 

comprise non-corrosive inflammable materials sourced from environmentally friendly 

organic substances, with thermal conductivity and thermal energy storage of 0.22 W/m.K  

and 210 J/g, respectively. Furthermore, to gather weather data, and achieve a precise 

outdoor condition for simulations, a pyranometer (Kipp & Zonen CMP 3) was utilized 

for recording solar radiation, and a data logger was used for recording ambient 

temperature and humidity. All the weather data and calorimeter data were recorded at five 

and three minute intervals, respectively. 
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Figure 4.2. The calorimeter setup. 

 

 Simulation and automations 

The calorimeter model and the recorded weather data were created in EnergyPlus 

software version 8.8. Thanks to the one-dimensional Conduction Finite Difference 

(CondFD) algorithm, EnergyPlus enables users to simulate materials with variable 

properties such as PCMs. It is important to note that although EnergyPlus is not capable 

of simulating sub-cooling impacts, no sub-cooling has been demonstrated for the utilized 

PCMs [45]. The time step of 2 minutes is also applied, since EnergyPlus for the time step 

of three minutes and less is a reliable software for simulating PCMs [46]. Within 10 days 

of experiment, the difference between the indoor temperature recorded with a calorimeter 

and the simulation is approximately 2 percent with a 0.95 coefficient correlation. A full 

description of the calorimeter and its validation can be seen in [47]. This validated model 

has also been used for subsequent parts of the research. 

In this research, four Australian cities located in dissimilar climatic zones are studied, 

namely Alice Springs "Bwh", Brisbane "Cfa", Darwin "Aw", and Hobart "Cfb" [48] (See 

Fig. 4.3). A north-faced office model with an 8:00 to 17:00 schedule and a 0.3 infiltration 

rate was considered for simulations. The thermostat for cooling (26 °C) and heating (18 

°C) set-points were also set according to the Australian National Construction Codes 

(NCC) [49]. In order to consider the impact of divergent scenarios related to PCM 

transition temperatures, thicknesses, coupled insulation, and building rotation effect, the 

EnergyPlus software was automated through programming. In doing so, 12 PCM 



76 

 

transition temperatures (18-29°C) at 1 °C intervals, 6 PCM thicknesses (5-30 mm) at 5 

mm intervals, 4 outside insulation thicknesses of 40, 80, 120, and 160 mm (or envelopes 

with R-values of 1.08, 2.05, 3.03, and 4 m2K/W), and 16 building directions (each 22.5-

degree rotation) were investigated. In addition, to calculate the energy saving percentage, 

the condition without PCM was simulated. As a result, 4992 simulations were run for 

each climate. 

 

 
Figure 4.3. Climate classification map of Australia. 

 Results and Discussion 

 The impact of PCM thicknesses on its efficiency 

This section presents the impact of PCM thickness and temperature on overall energy 

consumption when the insulation thickness is 40 mm (R-value=1.08 m2K/W) and the 

building faces the north side. Fig. 4.4 and Table 4.1 respectively demonstrate the optimal 

PCM for different thickness scenarios, and energy saving for the best scenarios based on 

the annual energy demand. Note that all the percentages are compared with the condition 

where there is no PCM. In addition, since heating loads in Alice Springs, Brisbane and 
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Darwin are negligible, the effect of PCMs on cooling loads in these cities is discussed. 

However, for the cold climate of Hobart, the effect of PCMs on heating loads, which are 

the main demand, is presented. It can be seen from the data in Fig. 4.4a that for the hot-

dry climate of Alice Springs, PCM-26 °C has the optimal transition temperature with 

thicknesses of 5-30 mm, reducing the cooling demand between 6.4% and 14.3%. This 

indicates that in this type of climate for low R-value envelopes, the cooling set-point is 

typically the optimum PCM temperature. Nevertheless, for the subtropical climate of 

Brisbane, the optimum transition temperature for the thicknesses of 5-20 mm and 25-30 

mm are 26 °C and 25 °C, respectively (see Fig. 4.4b). The single most striking observation 

to emerge from the data comparison was that, in this sub-tropical moderate climate, where 

the majority of indoor temperatures are in the range of the PCM transition temperature, 

PCM effectiveness is noticeably enhanced. By utilizing appropriate PCMs, cooling load 

reductions of 18.3-30.2% can be achieved, thus presenting the highest savings. In stark 

contrast, however, the efficiency of PCMs in the tropical climate of Darwin is 

considerably lower than that of the aforementioned climates, with cooling loads reduced 

from 2.5-6.2%. The cooling load of this climate is approximately more than double that 

of Alice Springs and six times that of Brisbane; however, owing to high night-time 

temperatures, PCM liquefaction lasts longer and its efficiency compared with sub-tropical 

and hot-dry climates is therefore not as efficient. In Darwin, the optimal PCM temperature 

for 5-10 mm thicknesses is 27 °C, and for 15-30 mm thicknesses it is 26 °C (see Fig. 

4.4c). These results show that in this type of climate, the thickness parameter in defining 

optimum PCMs is crucial, and the fluctuation of transition temperature for different 

thicknesses can be between 1 °C greater to 1 °C less than the cooling set-point 

temperature.  
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Figure 4.4. The impact of PCM thicknesses on its efficiency and optimality of (a) Alice Springs, (b) Brisbane, (c) Darwin, (d) Hobart. 

                      

                         Table 4.1  Annual energy saving for the best scenarios  

 Alice Springs Brisbane Darwin Hobart 

PCM thickness 

(mm) 

Cooling loads 

(MJ) 

Saving 

(%) 

Cooling loads 

(MJ) 

Saving 

(%) 

Cooling loads 

(MJ) 

Saving 

(%) 

Heating loads 

(MJ) 

Saving 

(%) 

0 154.5 - 60.9 - 315.6 - 189.5 - 

 5 144.7 6.4% 49.7 18.3% 307.6 2.5% 187.9 0.8% 

10 140.6 9.0% 46.3 23.9% 305.6 3.2% 185.4 2.1% 

15 138.0 10.7% 45.1 26.0% 303.6 3.8% 182.9 3.4% 

20 135.9 12.1% 44.3 27.2% 300.9 4.7% 180.9 4.5% 

25 134.2 13.2% 43.7 28.3% 298.5 5.4% 179.1 5.5% 

30 132.5 14.3% 42.5 30.2% 296.2 6.2% 177.6 6.3% 
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However, as shown in Fig. 4.4d, in the cold climate of Hobart, PCM-20 °C and PCM-19 

°C are optimum for thicknesses of 5 and 10 mm, respectively, and PCM-18 °C is optimum 

for the greater thicknesses. Furthermore, for thicknesses greater than 10 mm, the 

efficiency of PCMs in reducing heating loads in this climate is approximately the same 

as the cooling load reductions of Darwin, which are from 3.4-6.3%. It is significant to 

note that the heating loads of Hobart are approximately half that of the cooling load of 

Darwin, implying that if low R-value envelopes coupled with PCMs are utilized, more 

energy can be saved in Darwin rather than Hobart. Overall, the results reveal that for all 

climates, in the case of using low R-value envelopes, PCM thickness is an important 

factor in defining optimum PCM transition temperature, which in turn varies according 

to the climate conditions. In summary, the research indicates that considerable energy 

savings are achieved by increasing the PCM thickness, particularly in moderate climates. 

The next section investigates the impact of insulation thickness (increasing R-values) on 

the optimum transition temperature of PCMs, followed by numerical algorithm 

predictions related to PCM thicknesses, temperatures, and wall R-values. 

 The impact of insulation on PCM efficiency 

This section delves into the effect of insulation on optimum PCM temperature and 

reducing energy demand. As can be seen from Fig. 4.5a, in Alice Springs, provided that 

80 mm insulation (R-value=2.05 m2K/W) or more is utilized, PCM-25 °C is optimum for 

the entire PCM thickness range. For example, the cooling load with 5 mm PCM and 80 

mm insulation (128.3 KJ) is less than 30 mm PCM with 40 mm insulation (132.4 KJ). 

Thus, the enhancement of insulation thicknesses reduces the importance of PCM 

thicknesses, and considering the high cost of PCMs in comparison with insulation, 

insulation enhancement appears highly cost-effective. Furthermore, by increasing the R-

values, the percentage of energy saving for all PCM thicknesses gradually declines. For 

example, in the case of using 120 mm insulation (R-value = 3.03 m2K/W) the difference 

in reduced energy consumption between using 5 and 30 mm PCM-25 °C is less than 2.5 

percent, compared with 8 percent difference in the case of applying 40 mm insulation. 

Thus, in hot-dry climates, the use of sufficient insulation coupled with PCMs not only 

notably reduces energy demand, but also stabilises the optimum PCM temperature, which 

is 1 °C lower than the cooling set-point temperature. 
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In subtropical climates, the effect of insulation on the optimum PCM temperature is the 

same as hot-dry climates, and for R-values ≥ 2.05 m2K/W, the 25 °C is the stabilized 

optimal melting temperature (see Fig. 4.5b). Similarly, the use of insulation in this climate 

shows the same trend in reducing cooling energy demand as in hot-dry climates. That is, 

the average energy saving percentage of all PCM thicknesses for 40, 80, 120, and 160 

mm insulation are 25.6%, 13%, 8.1%, and 5.2%, respectively.  

When utilizing PCMs, the augmentation of insulation thicknesses in the tropical climate 

of Darwin for 120 mm and 160 mm has a negative effect on energy saving, and increases 

the cooling load (see Fig. 4.5c). Conversely, the use of merely 40 mm insulation has the 

highest efficiency and can reduce the cooling loads between 2.5% and 8.6%, followed by 

0.2% and 0.9% for 80 mm insulation. The main reason for this adverse effect from using 

a high amount of insulation is that at night, further insulation prevents PCMs from 

releasing stored heat, and as a result the solidifying process fails; thus, during the 

following day, HVAC systems need to be utilized to compensate, resulting in increased 

overall cooling loads. Therefore, for tropical climates, in order to optimize PCMs, low R-

value opaque envelopes as well as high PCM thicknesses are required. The effectiveness 

of these materials in reducing cooling loads for tropical climates is less than for arid and 

subtropical climates, so that in the case of using 40 mm insulation, the average cooling 

load reduction for Darwin is almost 19% less than Alice Springs and 13% less than 

Brisbane.  Furthermore, with 80 mm insulation, the cooling load demand of Darwin is 

approximately 1.6 times that of the heating load demand of Hobart, while the average 

reduced energy demand in the case of using PCMs in Hobart is approximately 3.8 times 

that of Darwin, showing the significance of utilizing sufficient insulation in cold climates 

to make the most of PCM capability.  

In the Hobart cold climate, the enhancement of R-values does not define a fixed transition 

temperature for optimum PCM, and the optimality is still contingent upon the PCM 

thicknesses (see Fig. 4.5d). That is, in the case of having 80 mm insulation, the optimum 

PCM temperature for 5-10 mm thickness is 19 °C, while for the greater thicknesses of 

insulation, it is 18 °C. For the 120 and 160 mm insulation thicknesses, the transition 

temperature of 18 °C (which is the heating set-point temperature) is optimal with the 

exception of 5 mm PCMs in conjunction with 120 mm insulation where the optimum 

transition temperature is 19 °C. Overall, for all R-values and for ≥ 15 mm PCMs, the 

heating set-point is the optimum transition temperature.  
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In subtropical and hot-dry climates, the importance of coupling higher insulation with 

PCMs for energy saving gradually decreases; however, in cold climates this phenomenon 

is the opposite. In other words, for R-value ≥ 2.05 m2K/W, the average energy saving 

percentage of PCM for 160 mm insulation is higher than those of 120 mm and 80 mm 

insulation, which are respectively 4.1%, 3.6%, and 3.2%. This therefore demonstrates that 

in cold climates, the more insulation there is, the greater the reduction in energy savings. 
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Figure 4.5. The impact of insulation on PCM efficiency of (a) Alice Springs, (b) Brisbane, (c) Darwin, (d) Hobart. 
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 The impact of orientation on PCM optimality and efficiency  

The relationship between building orientation and PCM productivity has been investigated in this 

section. Fig. 4.6 provides an overview of energy consumption with regard to PCM thicknesses and 

transition temperatures. In this figure, in order to analyse the effect of building direction on PCM 

productivity in both cold and hot climates, four directions, specifically north, east, south, and west 

(0, 90, 180, 270 degrees) with the R-value of 3.03 m2K/W, are examined for the cooling loads of 

Alice Springs and the heating loads of Hobart. Generally, in the Southern Hemisphere, in hot 

climates, the eastern side has the highest cooling demand, while the northern and southern sides need 

minimal cooling [50]. However, in cold climates, the minimum and maximum heating demands are 

for the northern and southern sides, respectively. The red line in the figures represents the minimum 

amount of energy demand for each rotation. As shown, for Alice Springs and Hobart, the optimum 

PCMs for the mentioned directions are the same as the different orientations, and they all 

demonstrated the same transition temperatures of 25 °C and 18 °C respectively. Therefore, the PCM 

optimum temperature is not contingent upon the orientation of buildings.  

 

 

 

Figure 4.6. The impact of orientation on PCM optimality of (a) Alice Springs, (b) Hobart. 

Nonetheless, as shown in Fig. 4.7, which is the building energy saving percentage for each 22.5° 

building rotation, the PCM energy saving depends totally upon the building direction. For example, 

in Darwin, the south facing energy saving for 5 mm PCM is less than 1% compared with 2.5% for 

the north side; energy saving can reach maximum efficiency of 3.6% for 10 mm PCM, while for this 

PCM thickness, the efficiency for the north side is around 9%. However, notably, this energy saving 
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varies according to climate so that for all PCM thicknesses, the average cooling load savings for the 

north directions of Alice Springs, Brisbane, and Darwin are approximately 1.9, 1.6, and 2.4 times 

higher than for their south directions. Taken together, for climates with dominant cooling load 

demand, the north ± 22.5° is approximately the most efficient side for the application of PCMs, while 

the south ± 22.5° has the lowest energy efficiency. Moreover, generally speaking, for these types of 

climates the east cooling load saving is marginally lower than the west; however, as can be evidenced, 

depending on the building location the energy saving proportion for each of the rotations can be 

varied, as well. Thus, after the north, PCMs utilized on the west side, which is the highest cooling 

demand direction, will save the greatest cooling load. 

For the cold climate of Hobart, the change of direction alters energy savings; however, the selection 

of optimal direction for this climate is completely different to the antecedent three climates. As shown 

in Fig. 4.7d, the east side has the minimum energy savings, in that for the low thicknesses of PCMs 

along with R-value of 2.05 m2K/W, the use of PCMs does not change energy demand noticeably. For 

example, in the case of using PCMs (5-10 mm) on the east side, energy consumption will be slightly 

increased (less than 1%) and for the 30 mm PCM, this saving amounts to 1.8%, which is exponentially 

lower than 5.1%, 4.8%, and 6% for the south, north, and west sides, respectively. The main reason 

for the low productivity of the east side in reducing heating loads is that since the sunrise occurs on 

this side and the morning radiation gains are not high, the deployed PCMs in the east fail to store 

sufficient energy. As a result, the saving percentage of this direction is notably lower than the other 

sides which have almost the same amount of average heating load saving. In this location, the north-

west side has the maximum energy efficiency. It can be concluded that for both hot and cold climates, 

the priority of heating and cooling load demand direction does not equate with heating and cooling 

load saving when PCMs are utilized. 
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Figure 4.7. The impact of orientation on PCM efficiency of (a) Alice Springs, (b) Brisbane, (c) Darwin, (d) Hobart. 

 

 Conclusion 

The study delved into the relationship between PCM thicknesses, PCM transition temperatures, 

insulation, and building orientations, and energy consumption in four Australian climate zones. A 

validated model derived from a full-scale calorimeter was utilized for 19968 series of simulations for 

all climates through automating EnergyPlus software. The results of this investigation generally 

showed, that thickening PCM raises the overall energy conservation for all the climates, and the 

climate conditions and envelope R-values determine the saving proportion. The optimal PCM melting 
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temperature for low R-value envelopes is conditional on the PCM thicknesses. However, utilizing 

sufficient insulation in hot-dry, sub-tropical, and cold climates not only increases PCM effectiveness 

but also stabilizes the optimal PCM transition temperature. For example, generally in the case of 

having sufficient R-value, the optimum PCM melting temperature in hot-dry and sub-tropical 

climates is 1 °C lower than the cooling set-point temperature; meanwhile this amount for reducing 

heating loads of cold climates is the heating set-point temperature. Conversely, the use of high R-

value envelopes in tropical climates decreases PCM efficacy; thus, in this climate, the principal 

approach to make the most of PCM is the use of low-insulated envelopes in conjunction with thicker 

PCMs. Consequently, in tropical climates, the thickness parameter is pivotal, and optimum PCM 

melting temperature based on its thickness varies between 1 °C higher and 1 °C lower than the 

cooling-set-point-temperature.  

Additionally, in subtropical, hot-dry, and cold climates, augmenting insulation thickness reduces the 

importance of PCM thicknesses, and by considering the high cost of PCMs in comparison with 

insulation, having well-insulated envelopes coupled with thin PCMs can be highly economical. Also, 

in subtropical and hot-dry climates, the noteworthiness of greater R-values together with PCMs for 

energy saving gradually dwindles, whilst in cold climates greater R-values contribute to greater 

energy saving percentage. Finally, although the PCM optimum temperature is not contingent upon 

building orientation, the PCM energy saving fully depends upon this factor. The type of climate and 

energy demand changes the PCM energy saving for different directions, in that predominately in the 

Southern Hemisphere, for the climates with dominant cooling load demand, the north is the most 

efficient side, while the south delivers the lowest energy efficiency. However, for the climates with 

dominant heating load demand, the arrangement of optimal direction differs completely, and the east 

side, due to low volumes of solar radiation gain, achieves the least effectiveness. 
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Chapter 5 

5. Optimum phase change material selection with and without night ventilation 
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 Abstract 

Phase change materials (PCMs) are a passive way of providing temperature amelioration without 

significant alteration to the building’s design. As with many passive technologies, the use of PCMs 

is highly context-driven, with many non-linear relationships in the way the environmental system is 

affected. These include insulation, ventilation and the properties of the PCM itself, such as melting 

temperature and thickness. To explore the relationships between the different parameters, an 

exhaustive list of construction scenarios was created, making use of automation for generation and 

simulation. The simulation model was validated using a full-scale construction tested in a calorimeter. 

Automated methods were used to analyse and visualize the data that resulted from the large 

simulation set. The results demonstrate that although the presence of night ventilation (NV) will raise 

the PCM’s efficiency, it has no effect on the optimum PCM melting temperature. Also, in tropical 

climates, the use of PCMs is not recommended, while NV alone is effective for sufficiently-insulated 

buildings. 

 Introduction 

Passive techniques are of paramount importance in the building industry since their utilization can 

reduce building energy consumption and consequently the dependence on mechanical HVAC 

equipment [1]. Passive systems are of particular significance in that the highest percentage of energy 

demand in buildings is for heating, cooling and ventilation [2]. Having a range of 20-60% effect on 

the total energy demand, the building envelope is one of the most vital sections to address when 

attempting to reduce the energy used in buildings [3]. Therefore, the use of passive strategies such as 

Thermal Energy Storage (TES) which can lessen the HVAC system loads is of interest. TES system 

selection is chiefly contingent upon factors including the building’s operating conditions, the diurnal 

or seasonal storage period required, and economic viability [4].  

PCMs are a popular type of TES material that use latent heat thermal storage to raise the overall heat 

capacity of buildings. Due to their high energy storage density as well as their efficiency in charging 

and discharging heat, PCMs have been utilized in many passive designs. The use of PCMs can 

considerably reduce the indoor air temperature fluctuations, causing a reduction in the energy 

consumption of buildings [5, 6]. Change of state is the main reason for PCM efficacy, since for 

absorbing and releasing energy, their state alters from solid to liquid or vice versa [7]. However, low 

thermal conductivity is the main downside of PCMs as this slows down their charging and 

discharging process and consequently their performance [8].  
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Thermal inertia is one of the building parameters influencing the performance of NV [9, 10]. Thus, 

the use of PCMs as an efficient lightweight TES in buildings with night cooling systems has become 

prevalent [11]. NV is a passive cooling technique that utilizes natural ventilation at night in order to 

purge the excess heat and cool down structural elements such as suspended ceilings [12]. As such, in 

addition to the economic viability of using PCMs [13], the implementation of PCMs into NV systems 

can considerably improve indoor thermal conditions [14]. 

Field studies, experimental studies and computer simulations have been utilized successfully to 

further research nocturnal ventilation, thermal mass and PCMs in buildings. Energy simulation 

software has been adapted to improve our understanding of theory based on the information from 

experiments and field results. Simulations are most useful, as they offer the possibility of testing 

different alternatives which would otherwise be difficult, time-consuming and costly to study under 

real conditions. 

There are some studies regarding the optimal PCM melting temperatures when they are employed 

alone or in conjunction with NV systems. However, it is still unknown whether PCM parameters used 

alone or coupled with NV differ, and how thermal insulation affects these parameters. This research, 

used a validated experimental model and numerical simulations to explore optimal PCM melting 

temperatures under the aforementioned conditions in three different Australian climatic zones. 

 Methods 

The model in this research is a full-scale calorimeter which has been used to study PCM behaviour 

[15]. The calorimeter has dimensions of 210×210×90 cm with 30 cm of insulation, in addition to a 

north-facing test wall with dimensions of 150×150 cm. The test wall, containing BioPCM-24°C, is 

located inside the frame. Inside the model, there is a baffle with nine series T thermocouples, which 

have an error limit of ±0.5 °C, to measure the indoor temperature (see Fig. 5.1, 5.2). Furthermore, in 

order to record the weather data during the experiment, a pyranometer (series Kipp & Zonen CMP 3) 

with sensitivity of 5 to 20 µV/W/m², as well as a humidity and temperature logger have been utilized. 

All the obtained data were recorded at five minute intervals. A full description of the envelope 

structure, as well as the arrangement of the building materials in the experimental model and its 

validation can be found in [15].  

The calorimeter with all the characteristics outlined above as well as the incorporated BioPCM with 

melting temperature of 24 °C were simulated in EnergyPlus. It is significant to note that BioPCMs 

consist of non-toxic fatty acids sourced from organic materials [16]. 



94 

 

 

Figure 5.1: A schematic view of the calorimeter before installing the test wall (baffle and thermocouples). 

 

Figure 5.2: Installing PCMs on the test wall before incorporation into the calorimeter. 

This research was carried out using EnergyPlus version 8.7. EnergyPlus is a software application that 

simulates building energy consumption, described through input files containing a detailed model of 

building construction, HVAC systems and their controls. In order to substantiate the simulation 

conditions being similar to real building conditions, this software considers the conditions all through 

a secondary HVAC system and coil loads, the required heating and cooling load to satisfy defined 

set-points for thermal comfort, the equipment energy consumption, and other requirements [17]. 

EnergyPlus was selected for this project owing to its availability along with its capability for 

modelling natural ventilation and PCMs factors which are taken into account when calculating and 

modelling the energy performance.  As the energy analysis field requires novel materials, such as 
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PCMs, the Conduction Transfer Function (CTF) cannot be used with the material’s thermal 

properties since it cannot be updated at every time step. Instead, a Conduction Finite Difference 

(CondFD) algorithm was added to simulate PCM behaviour or changeable thermal conductivity [18].  

The average difference between the indoor temperatures recorded with calorimeter and simulations 

within 10 days is around 2% with 0.95 coefficient correlation (See Fig. 5.3). Due to the acceptable 

agreement between the experiment and simulations the calorimeter was used as a validated model for 

running annual cooling load. It is important to note that the thermostat heating and cooling set-points 

(18 °C and 26 °C, respectively) were based on the Australian National Construction Codes, and were 

applied to the model which has an office schedule of 8 am to 5 pm.  

 

Figure 5.3: A comparison between experimentation and simulations over ten days [15]. 

 

 Automation 

To run the simulations of this experiment series, a custom application was written, which worked in 

three parts. The first, was reading a base IDF file, which is the format used by EnergyPlus that 

describes the simulation parameters, including geometry, material properties and mechanical systems 

operation. The parser was created using the ANTLR platform. Having parsed in a text file and having 

it converted to programming objects, selected parameters were altered using a combinatorial 

sequence and for each parameter a separate IDF file created. Each of these was run through 

EnergyPlus across multiple computers. One situation that should be anticipated by others, using 
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similar techniques, is that EnergyPlus does not allow for a ‘zero’ length material. Therefore, the IDF 

file generator has to deal with this case specifically, in order to verify the effect of the materials. 

Analysing the data also required custom scripting as reading through gigabytes of data could not be 

achieved manually. In this case, the total cooling and heating loads were extracted for the different 

climates. Based upon the Köppen and Geiger climate classification [19], three Australian cities in 

different climatic zones, namely Alice Springs (hot-dry), Brisbane (sub-tropical), and Darwin 

(tropical) were considered for this study.  

 Results and discussion 

Table 5.1 illustrates the effects of insulation, PCM thicknesses, and night ventilation on the optimal 

PCM melting temperature as well as cooling load reductions. Note that although the low and high 

delta temperatures and airflow rates can both augment the NV efficiency, they have no impact on the 

optimum PCM melting temperatures [15]. Thus, in this section, NV with the airflow rate of 5 ACH 

along with the delta temperature of 1 °C was performed.  

As illustrated, in the Alice Springs hot-dry climate, in the case of using 40 mm (R-value = 1.08 

m2K/W) insulation and 10 mm PCM, the melting temperature of 26 °C was optimal for either using 

PCM alone or with NV; thus, this PCM could reduce cooling loads around 9 and 16%, respectively. 

However, for the insulation thicknesses greater than 40 mm, PCM-25 °C was optimal. That is, for 

80, 120, and 160 mm (R -values of 2.05, 3.03, and 4 m2K/W) insulation, the amount of energy saving 

for utilizing PCMs was 3.5, 2.1, and 1.3%, while for the PCMs coupled with NV the saving was 10.2, 

8.4, and 7.1%, respectively. As can be seen, the productivity values, expected by energy savings from 

using insulation in both case scenarios are greater than the PCM thickness itself, and the reason for 

reducing the energy saving while increasing the envelope R-values is the noticeable drop in the base 

loads attributable to insulation implementation. Notably, all the presented percentages are relative to 

the base condition (without PCM). Interestingly, the trend for energy saving and the optimum PCM 

transitional temperatures when it is used in conjunction with NV systems are akin to using PCMs 

exclusively, whilst the amount of energy saving in the case of performing NV is higher. Moreover, 

by increasing the PCM thickness despite improved energy savings in both case scenarios (with and 

without NV), the optimal PCM melting temperatures remain constant. For instance, the average 

amount of energy saving in the case of using 30 mm PCMs with and without NV was approximately 

twice that of 10 mm PCMs, while the optimal melting points are the same. 

For the Brisbane sub-tropical climate, the impact of envelope R-values and PCM thickness on the 

optimal PCM transitional temperature were the same as the previous climate, and for the R-values of 
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2.05 m2K/W and greater, PCM-25 °C was optimal. However, in the case of employing 30 mm PCM 

coupled with NV, even for the R-values of 1.08 m2K/W the transitional temperature of 25 °C was the 

optimum. The amount of cooling load in sub-tropical climates is less than hot-dry climates, but as the 

duration for which NV can be performed is higher, the impact of combining PCMs and NV is 

noticeable. For instance, the use of 30 mm PCMs along with NV could save an approximate average 

of 78% for all types of insulation as opposed to 19.8% for Alice Springs. Therefore, the conclusion 

is that although the PCM thickness and NV existence generally do not have any effect on the optimal 

PCM temperatures, the impact of insulation in reducing cooling loads is of paramount importance. 

In the climates outlined above and despite NV existence, for a sufficiently insulated building, the 

optimal PCM melting temperature, whether there is NV or not, is 1 °C lower than the cooling set-

point (which is 26 °C). Furthermore, both climates, are NV-and-PCM efficient, and the use of NV 

will escalate the total energy saving. Furthermore, the impact of performing NV on saving energy 

was more notable that both thermal insulation and PCM application. For example, in Alice Springs, 

in the case of having 40 mm insulation, the use of NV or PCMs reduced cooling load approximately 

45% and 14.2%, whereas increasing the insulation thickness to 160 mm resulted in 22% reduction in 

cooling load. 

In the tropical climate of Darwin, in the case of using 40 mm insulation and 10 mm PCMs, the optimal 

transitional temperature was 27 °C (just using PCMs) and 25 °C (PCMs and NV), respectively. 

Similar to the previous climates, for the insulation thicknesses of greater than 40 mm, 25 °C was the 

best melting temperature. Nevertheless, the use of PCMs in conjunction with 120 and 160 mm 

insulation had a negative effect on energy saving and will increase the energy saving percentages by 

-0.3 to -0.76 and -0.65 to -1.7, respectively. Also, for these insulation thicknesses, the impact of NV 

coupled with PCMs was nominal. Although the use of PCMs and NV coupled with low R-value 

envelopes can reduce energy consumption, these methods are not highly efficient in this climate. That 

is, in the best case scenario, providing that 30 mm PCMs and 40 mm insulation are being utilized, 

the energy saving can account for 19.4 MJ; and for the included NV it can account for 30 MJ, while 

by just increasing the insulation thickness, the energy demands would reduce to 47.6 MJ and 43.2 

MJ, respectively. This trend for a higher amount of insulation continues even when the PCMs are no 

longer efficient. Additionally, without using PCMs, just by employing NV as well as raising thermal 

insulation, the best results can be obtained, with the result that by using 160 mm insulation coupled 

with NV, the cooling load will be almost one-third of 40 mm insulation without NV.  
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Table 5.1: The impact of insulation and PCM thickness on the optimum PCM melting temperature whether coupled with NV. 

CL: Cooling Load 

CLR: Cooling Load Reduction 

 Conclusion 

In this study, a validated model using a full-scale calorimeter was utilized to determine the 

optimum PCM melting temperatures, whether PCM was used in conjunction with NV or not. 

For this exploration, through automating EnergyPlus software, a parametric study was carried 

out in three different Australian climatic zones.  

The results of the study have shown that regardless of the presence of night ventilation: 

 the optimal PCM melting temperatures is generally not dependent on the PCM thickness. 

That is, for low-insulated opaque envelopes, the optimal PCM melting temperatures for 

cooling dominant climate are generally equal to the cooling set-point temperature; 

 for all climates, thickening PCMs augments the total energy saving, and the saving 

proportion is contingent upon the climatic conditions; 

 the use of well-insulated envelopes in sub-tropical and hot-dry climates both increases the 

PCM productivity and stabilizes the optimum PCM melting temperature, which is 1°C lower 

than the cooling set-point temperature;  

PCM 25 °C PCM 26 °C PCM 27 °C 

 

Cities 

Insulation 

Thickness 

(mm) 

No PCM 

(MJ) 

 

NV 

without 

PCM 

10 mm PCM (MJ) 
10 mm PCM & 

NV(MJ) 

20 mm PCM 

(MJ) 

20 mm PCM  

& NV(MJ) 

30 mm PCM 

(MJ) 

30 mm PCM (MJ) 

& NV 

CL 

(MJ) 
CLR % 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 
CLR % 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 

CLR 

% 

CL 

(MJ) 
CLR % 

Alice 

Springs 

40 154.5 85.3 140.6 9% 72.0 15.6% 135.9 12% 67.1 21.3% 132.5 14.2% 62.6 26.6% 

80 131.4 60.9 126.8 3.5% 54.7 10.2% 124.6 5.2% 51.7 15.1% 122.7 6.6% 48.8 19.8% 

120 123.7 51.5 121 2.1% 47.2 8.4% 119.9 3% 44.7 13.2% 118.8 3.9% 42.6 17.3% 

160 119.8 46.5 118.2 1.3% 43.2 7.1% 117.9 1.8% 41.1 11.6% 117 2.3% 39.2 15.7% 

Brisbane 

40 60.8 10.8 46.3 23.9% 4.0 62.9% 44.3 27.2% 3.0 72.4% 42.5 30.1% 2.4 77.7% 

80 48.2 5.0 43.1 10.4% 2.4 50.4% 41.4 14% 1.6 67.3% 40 16.8% 1.1 78.4% 

120 44.3 3.2 41.5 6.4% 1.6 49.3% 40.4 8.7% 1.0 67.7% 39.5 10.8% 0.7 79.1% 

160 42.4 2.4 40.6 4.8% 1.3 48.5% 40 5.5% 0.8 66.3% 39.3 7.2% 0.5 78.6% 

Darwin 

40 315.6 176.4 305.6 3.1% 159.2 9.7% 301 4.6% 153.7 12.9% 296.2 6.2% 149.4 15.3% 

80 268 133.2 267.2 0.3% 128.4 3.6% 266.4 0.6% 126.3 5.2% 265.6 0.9% 124.8 6.3% 

120 249.5 116.1 250.4 -0.3% 114.1 1.8% 251 -0.6% 113.7 1.8% 251.5 -0.76% 113.6 2.2% 

160 239.6 106.7 241.2 -0.65% 106.2 0.4% 242.5 -1.2% 106.2 0.4% 243.6 -1.7% 106.1 0.5% 
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 in tropical climates, although the use of low R-value envelopes can reduce the cooling load, 

for well-insulated envelopes, the use of PCM is either pointless or has negative effect on 

overall energy consumption. However, utilizing NV alone in a well-insulated building is 

more efficient than any added PCM scenarios. 
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Chapter 6 

6. Summary and future work 

 Summary 

The use of latent heat thermal energy storage, independently or coupled with other 

passive/active strategies, has emerged as an effective method for increasing energy saving 

through peak and total energy demand reductions.  Latent heat TES using PCM has become an 

increasingly important area in building physics since compared with sensible heat storage of 

the same volume, they offer higher energy storage density, as well as different functional 

temperatures, making various application levels possible. The correct implementation of PCMs 

is important in terms of their properties, total thermal storage performance, and technical 

design. However, the inappropriate use of PCMs is associated with increased risk of thermal 

mass insufficiency or even increased energy demand.   

Recent developments in the field of TES resulted in heightened interest in using PCMs in 

buildings whether alone or coupled with other passive/active strategies. One particularly salient 

example of coupled passive strategy is NV.  In the literature on NV, the relative importance of 

TES is subject to considerable discussion, and recently PCMs as lightweight efficient thermal 

mass have become central to NV research. Nevertheless, much uncertainty still exists regarding 

PCM melting temperatures when other factors such as thermal insulation, building orientation, 

or PCM thickness are involved, and also regarding the possible repercussions that these factors 

might have on the optimal PCM selection and final energy conservation. A much debated 

question centred on whether PCM parameters and behaviour in conjunction with such passive 

techniques as NV could be altered. Thus, the overall objective of this thesis, considering the 

variety of climates, was to provide new insights into latent heat TES passive application in 

terms of material characterizations, technical system operations, and the consequent effects on 

energy saving.  

In this thesis, a parametric study through experimentation and numerical simulations was 

undertaken to analyse PCM behaviour in different scenarios. To facilitate these analyses, a full-

scale calorimetry experiment was conducted using BioPCMs (a common PCM type in 

Australia) as the test material. Then, the calorimeter modelled in EnergyPlus software 

(delivering a conduction-finite-difference algorithm enthalpy-based model) was verified 

against its experimental achievement. The resultant desired agreement between the experiment 
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and simulation justified applying the numerical simulations for parametric investigation of 

PCM behaviour in dissimilar pre-determined conditions. 

The results of this research demonstrate the critical roles of HVAC thermal set-points, thermal 

insulation, and climates in PCM optimality and efficiency in addition to their relationship and 

priority. Taken together, this research found that generally utilizing PCMs is highly efficient 

in hot-dry and sub-tropical, and cold climates. Additionally, the combination of PCMs and NV 

can be highly effective in hot-dry and subtropical climates. The use of these materials in 

tropical climates, despite their negligible efficiency under special circumstances is not 

recommended.  

Significant findings emerging from this study are that:   

 

 For cooling-dominant climates, the optimal PCM melting temperature of low R-value 

envelopes can be conditional on the PCM thickness parameter (for sup-tropical and 

tropical climates), whereas in the case of operating NV, this optimum is not conditional 

on PCM thickness, and the optimal PCM melting temperatures generally equate to the 

cooling set-point temperature. Nonetheless, regardless of NV presence, thickening 

PCM raises the overall energy conservation for all the climates, while the climate 

conditions and envelope R-values determine the saving proportion.  

 

 Thermal insulation has a central role in defining PCM behaviour, whether NV is 

incorporated or not.  That is, utilizing sufficient insulation in hot-dry, and sub-tropical 

climates both augments PCM efficiency and stabilizes its optimal melting temperature. 

Furthermore, as evidenced, provided that a building possesses a reasonable amount of 

thermal insulation, the same type of PCM (in regard to melting temperatures) can be 

implemented with incorporated NV systems as well. That is, for a well-insulated 

building, the optimal type of PCMs with and without NV is equal. 

 

 The PCM behaviour for low R-value envelopes in cold climates is similar to sup-

tropical and tropical climates in terms of PCM thicknesses and thermal insulation. 

However, in general the optimum PCM melting temperature for sufficiently-insulated 

envelopes in cold climates is bordering on the heating set-point temperature. Thus, the 

recommendable PCMs for this type of climate cannot be utilized for NV in cooling 
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period demand. Additionally, in PCM-efficient subtropical, hot-dry, and cold climates, 

augmenting thermal insulation prioritizes over PCM quantity. Thus, in the financial 

point of view, the deployment of higher insulation level in conjunctions with thicker 

PCM is economical. It is worth noting that although in cold climates increasing thermal 

insulation coupled with PCMs bring about more energy saving, in subtropical and hot-

dry climates, the impact of more thermal insulation accordingly decreases. 

 In the NVPCM-efficient sub-tropical and hot-dry climates, in order to raise NV 

effectiveness, the prominence of thermal insulation is greater than PCM thicknesses. 

Also, thickening PCMs together with various thermal insulation do not affect optimal 

PCM temperature, while the energy conservation improves accordingly. In these 

climates, the NV air change rate and delta temperature parameters are ineffective in 

defining the optimal PCM melting temperatures. Nonetheless, their impact on 

conserving energy is reverse. That is, the greater the airflow rate, the greater the cooling 

load reductions achievable, but the greater the delta temperature the lower the cooling 

load reductions. Overall, the factors that affect the efficiency of coupling PCM and NV 

are thermal insulation, PCM thickness and melting temperature, as well as NV delta 

temperature and airflow. 

 

 In tropical climates, even though the deployment of PCMs into low-insulated envelopes 

can reduce cooling load, simply increasing thermal insulation is more efficient and 

consequently economical. Also, in this climate, the use of PCM alone or in conjunction 

with NV in sufficiently-insulated envelopes is futile and even detrimental. Thus, the 

application of PCMs in tropical climates is not recommended. On the other hand, 

applying merely NV in this climate, particularly when high thermal insulation is 

involved, can be highly efficient. 

 

 Finally, although overall PCM efficiency is dependent on building orientation, this 

factor has no impact on determining optimum PCM temperature for various climates. 

That is, the optimal PCM for different directions is the same, and temperature level 

directly depends on climate types. However, climate and energy demand types alter 

PCM effectiveness for different directions. 
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 Limitations and future work  

Some limitations on this study need to be acknowledged. The calorimeter used in this study 

was only able to measure walls, so it was impossible to tilt horizontally to measure PCM 

behaviour in utilizing into ceilings. In addition, a pyranometer was used in this research to 

measure global radiation, and then through numerical simulations, the data were divided into 

either direct or diffuse radiation. However, being able to utilize pyrheliometer for direct 

radiation and a shaded pyranometer for diffuse irradiance would have increased the precision 

of experimental results. The lack of an anemometer for measuring the wind speed and direction 

was another limitation, and 20-year averaged wind data of EnergyPlus was used instead. The 

principal limitation of this analysis for numerical simulations was the paucity of defined HVAC 

set-points for different building types and climates in the Australian Building Code, while in 

most building codes throughout the world differing HVAC set-points are supplied for these 

factors. Furthermore, an issue that was not addressed in this study was the possible impacts of 

fenestration on PCM optimality and efficacy 

In terms of directions for future research, further work should be carried out with regard to 

PCMs and their combination with NV. Notwithstanding that desirable PCM parameters were 

identified for reducing heating loads of cold climates, the chosen PCM gives rise to lack of 

thermal mass during hot periods. As a result, the application of sensible TES is inevitable. 

Further research is required to develop systematic procedures for evaluating the optimum 

combination of PCMs, thermal mass and night purge ventilation. For example, the optimized 

combination of hollow core slabs, NV, and PCMs could be studied as a potential solution. 

What is now needed is a practical study involving all the investigated factors in the real world.  

It would be interesting to assess the behaviour of all the studied parameters in a building and 

see the possible repercussions of occupants and furniture on PCM characterization and 

effectiveness. Since increasing altitude results in changes in gradient temperature and airflow 

rates, further investigation and experimentation into employing PCMs and NV in high-rise 

buildings is strongly recommended. Thus, the effect of altitude on the studied parameters of 

NV/PCM and its relationship can be identified. Finally, further research could explore the 

intriguing issue of whether coupling the optimum fenestration proportion with PCM and NV 

without comprising the thermal and visual comfort can be achieved.  
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Appendix 

!-Generator IDFEditor 1.49 

!-Option SortedOrder 

 

!-NOTE: All comments with '!-' are ignored by the IDFEditor and are generated automatically. 

!-      Use '!' comments if they need to be retained when using the IDFEditor. 

 

!-   ===========  ALL OBJECTS IN CLASS: VERSION =========== 

Version, 

    8.7;                     !- Version Identifier 

 

!-   ===========  ALL OBJECTS IN CLASS: SIMULATIONCONTROL =========== 

 

SimulationControl, 

    No,                      !- Do Zone Sizing Calculation 

    No,                      !- Do System Sizing Calculation 

    No,                      !- Do Plant Sizing Calculation 

    No,                      !- Run Simulation for Sizing Periods 

    Yes,                     !- Run Simulation for Weather File Run Periods 

    No,                      !- Do HVAC Sizing Simulation for Sizing Periods 

    1;                       !- Maximum Number of HVAC Sizing Simulation Passes 

 

!-   ===========  ALL OBJECTS IN CLASS: BUILDING =========== 

 

Building, 

    1st Step,                !- Name 

    0,                       !- North Axis {deg} 

    City,                    !- Terrain 

    0.04,                    !- Loads Convergence Tolerance Value 

    0.4,                     !- Temperature Convergence Tolerance Value {deltaC} 

    FullInteriorAndExterior, !- Solar Distribution 

    25,                      !- Maximum Number of Warmup Days 

    6;                       !- Minimum Number of Warmup Days 

 

!-   ===========  ALL OBJECTS IN CLASS: HEATBALANCEALGORITHM =========== 
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HeatBalanceAlgorithm, 

    ConductionFiniteDifference,  !- Algorithm 

    200,                     !- Surface Temperature Upper Limit {C} 

    0.1,                     !- Minimum Surface Convection Heat Transfer Coefficient Value {W/m2-K} 

    1000;                    !- Maximum Surface Convection Heat Transfer Coefficient Value {W/m2-K} 

 

!-   ===========  ALL OBJECTS IN CLASS: TIMESTEP =========== 

 

Timestep, 

    45;                      !- Number of Timesteps per Hour 

 

!-   ===========  ALL OBJECTS IN CLASS: RUNPERIOD =========== 

 

RunPeriod, 

    Runperiod,               !- Name 

    1,                       !- Begin Month 

    1,                       !- Begin Day of Month 

    12,                      !- End Month 

    31,                      !- End Day of Month 

    UseWeatherFile,          !- Day of Week for Start Day 

    Yes,                     !- Use Weather File Holidays and Special Days 

    Yes,                     !- Use Weather File Daylight Saving Period 

    No,                      !- Apply Weekend Holiday Rule 

    Yes,                     !- Use Weather File Rain Indicators 

    Yes,                     !- Use Weather File Snow Indicators 

    1,                       !- Number of Times Runperiod to be Repeated 

    Yes;                     !- Increment Day of Week on repeat 

 

!-   ===========  ALL OBJECTS IN CLASS: SCHEDULETYPELIMITS =========== 

 

ScheduleTypeLimits, 

    Infiltration 1,          !- Name 

    0,                       !- Lower Limit Value 

    1,                       !- Upper Limit Value 

    Continuous,              !- Numeric Type 

    Dimensionless;           !- Unit Type 
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ScheduleTypeLimits, 

    On/Off,                  !- Name 

    0,                       !- Lower Limit Value 

    1,                       !- Upper Limit Value 

    Discrete;                !- Numeric Type 

!-   ===========  ALL OBJECTS IN CLASS: SCHEDULE:COMPACT =========== 

 

Schedule:Compact, 

    Infiltration 2,          !- Name 

    Infiltration 1,          !- Schedule Type Limits Name 

    Through:12/31,           !- Field 1 

    For:Alldays,             !- Field 2 

    Until:24:00,             !- Field 3 

    .001;                    !- Field 4 

 

Schedule:Compact, 

    ON,                      !- Name 

    On/Off,                  !- Schedule Type Limits Name 

    Through:12/31,           !- Field 1 

    For:Alldays,             !- Field 2 

    Until:24:00,             !- Field 3 

    1.00;                    !- Field 4 

 

Schedule:Compact, 

    Office HVAC,             !- Name 

    on/off,                  !- Schedule Type Limits Name 

    Through: 12/31,          !- Field 1 

    For: Weekdays SummerDesignDay,  !- Field 2 

    Until: 07:00,            !- Field 3 

    0.0,                     !- Field 4 

    Until: 17:00,            !- Field 5 

    1.0,                     !- Field 6 

    Until: 24:00,            !- Field 7 

    0.0;                     !- Field 8 

 

!-   ===========  ALL OBJECTS IN CLASS: MATERIAL =========== 

 

Material, 
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    Gypsum Board,            !- Name 

    MediumSmooth,            !- Roughness 

    0.0125,                  !- Thickness {m} 

    0.25,                    !- Conductivity {W/m-K} 

    750,                     !- Density {kg/m3} 

    1090,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.5,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    PolyEthylene,            !- Name 

    MediumRough,             !- Roughness 

    0.004,                   !- Thickness {m} 

    0.33,                    !- Conductivity {W/m-K} 

    920,                     !- Density {kg/m3} 

    2000,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.35,                    !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    PolyStyrene,             !- Name 

    MediumSmooth,            !- Roughness 

    0.292,                   !- Thickness {m} 

    0.041,                   !- Conductivity {W/m-K} 

    35,                      !- Density {kg/m3} 

    1210,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q24,        !- Name 

    VeryRough,               !- Roughness 

    0.011,                   !- Thickness {m} 

    0.22,                    !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 
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    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 

 

Material, 

    PolyStyreneVaried,         !- Name 

    MediumSmooth,            !- Roughness 

    0.04,                    !- Thickness {m} 

    0.041,                   !- Conductivity {W/m-K} 

    35,                      !- Density {kg/m3} 

    1210,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q21,        !- Name 

    VeryRough,               !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q23,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 
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Material, 

    BioPCMDSCM51Q25,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q27,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q29,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.1,                     !- Solar Absorptance 

    0.5;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q19,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 
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    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q20,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q22,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

Material, 

    BioPCMDSCM51Q26,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 
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Material, 

    BioPCMDSCM51Q28,        !- Name 

    Smooth,                  !- Roughness 

    0.011,                   !- Thickness {m} 

    0.2,                     !- Conductivity {W/m-K} 

    235,                     !- Density {kg/m3} 

    1970,                    !- Specific Heat {J/kg-K} 

    0.9,                     !- Thermal Absorptance 

    0.7,                     !- Solar Absorptance 

    0.7;                     !- Visible Absorptance 

 

!-   ===========  ALL OBJECTS IN CLASS: MATERIALPROPERTY:PHASECHANGE =========== 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q24,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    9558,                    !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    20178,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    30798,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    41526.79,                !- Enthalpy 5 {J/kg} 

    21.5,                    !- Temperature 6 {C} 

    46960.42225,             !- Enthalpy 6 {J/kg} 

    22,                      !- Temperature 7 {C} 

    52132.5996,              !- Enthalpy 7 {J/kg} 

    22.5,                    !- Temperature 8 {C} 

    63908.02441,             !- Enthalpy 8 {J/kg} 

    23,                      !- Temperature 9 {C} 

    89929.97668,             !- Enthalpy 9 {J/kg} 

    23.5,                    !- Temperature 10 {C} 

    136537.3177,             !- Enthalpy 10 {J/kg} 

    24,                      !- Temperature 11 {C} 

    192819.0606,             !- Enthalpy 11 {J/kg} 

    25,                      !- Temperature 12 {C} 
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    257846.2714,             !- Enthalpy 12 {J/kg} 

    27,                      !- Temperature 13 {C} 

    276038.432,              !- Enthalpy 13 {J/kg} 

    30,                      !- Temperature 14 {C} 

    282657.4824,             !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    293278,                  !- Enthalpy 15 {J/kg} 

    50,                      !- Temperature 16 {C} 

    326200;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q25,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    9645,                    !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    19290,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    27240,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    36990,                   !- Enthalpy 5 {J/kg} 

    23,                      !- Temperature 6 {C} 

    42867,                   !- Enthalpy 6 {J/kg} 

    24,                      !- Temperature 7 {C} 

    56221,                   !- Enthalpy 7 {J/kg} 

    24.5,                    !- Temperature 8 {C} 

    83245,                   !- Enthalpy 8 {J/kg} 

    25,                      !- Temperature 9 {C} 

    133649,                  !- Enthalpy 9 {J/kg} 

    25.5,                    !- Temperature 10 {C} 

    201879,                  !- Enthalpy 10 {J/kg} 

    26,                      !- Temperature 11 {C} 

    236860,                  !- Enthalpy 11 {J/kg} 

    28,                      !- Temperature 12 {C} 

    247994,                  !- Enthalpy 12 {J/kg} 

    32,                      !- Temperature 13 {C} 

    254449,                  !- Enthalpy 13 {J/kg} 

    35,                      !- Temperature 14 {C} 
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    257761,                  !- Enthalpy 14 {J/kg} 

    45,                      !- Temperature 15 {C} 

    266724,                  !- Enthalpy 15 {J/kg} 

    100,                     !- Temperature 16 {C} 

    322285;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q27,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    8229,                    !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    16458,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    23562,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    32561,                   !- Enthalpy 5 {J/kg} 

    25,                      !- Temperature 6 {C} 

    43078,                   !- Enthalpy 6 {J/kg} 

    26,                      !- Temperature 7 {C} 

    57014,                   !- Enthalpy 7 {J/kg} 

    26.5,                    !- Temperature 8 {C} 

    84146,                   !- Enthalpy 8 {J/kg} 

    27,                      !- Temperature 9 {C} 

    134578,                  !- Enthalpy 9 {J/kg} 

    27.5,                    !- Temperature 10 {C} 

    202864,                  !- Enthalpy 10 {J/kg} 

    28,                      !- Temperature 11 {C} 

    237015,                  !- Enthalpy 11 {J/kg} 

    30,                      !- Temperature 12 {C} 

    251278,                  !- Enthalpy 12 {J/kg} 

    32,                      !- Temperature 13 {C} 

    255234,                  !- Enthalpy 13 {J/kg} 

    35,                      !- Temperature 14 {C} 

    258320,                  !- Enthalpy 14 {J/kg} 

    45,                      !- Temperature 15 {C} 

    267324,                  !- Enthalpy 15 {J/kg} 
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    100,                     !- Temperature 16 {C} 

    322393;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q29,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    7034,                    !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    14364,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    22079,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    30267,                   !- Enthalpy 5 {J/kg} 

    25,                      !- Temperature 6 {C} 

    39919,                   !- Enthalpy 6 {J/kg} 

    26,                      !- Temperature 7 {C} 

    43142,                   !- Enthalpy 7 {J/kg} 

    27,                      !- Temperature 8 {C} 

    46366,                   !- Enthalpy 8 {J/kg} 

    28,                      !- Temperature 9 {C} 

    53607,                   !- Enthalpy 9 {J/kg} 

    29,                      !- Temperature 10 {C} 

    80168,                   !- Enthalpy 10 {J/kg} 

    30,                      !- Temperature 11 {C} 

    208169,                  !- Enthalpy 11 {J/kg} 

    31,                      !- Temperature 12 {C} 

    246573,                  !- Enthalpy 12 {J/kg} 

    33,                      !- Temperature 13 {C} 

    250241,                  !- Enthalpy 13 {J/kg} 

    35,                      !- Temperature 14 {C} 

    253659,                  !- Enthalpy 14 {J/kg} 

    45,                      !- Temperature 15 {C} 

    270457,                  !- Enthalpy 15 {J/kg} 

    50,                      !- Temperature 16 {C} 

    278158;                  !- Enthalpy 16 {J/kg} 
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MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q21,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    12529,                   !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    25058,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    34799,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    38970,                   !- Enthalpy 5 {J/kg} 

    21,                      !- Temperature 6 {C} 

    55119,                   !- Enthalpy 6 {J/kg} 

    21.5,                    !- Temperature 7 {C} 

    80820,                   !- Enthalpy 7 {J/kg} 

    22,                      !- Temperature 8 {C} 

    128509,                  !- Enthalpy 8 {J/kg} 

    22.5,                    !- Temperature 9 {C} 

    201879,                  !- Enthalpy 9 {J/kg} 

    23,                      !- Temperature 10 {C} 

    225581,                  !- Enthalpy 10 {J/kg} 

    24,                      !- Temperature 11 {C} 

    231773,                  !- Enthalpy 11 {J/kg} 

    25,                      !- Temperature 12 {C} 

    233328,                  !- Enthalpy 12 {J/kg} 

    30,                      !- Temperature 13 {C} 

    240711,                  !- Enthalpy 13 {J/kg} 

    35,                      !- Temperature 14 {C} 

    246859,                  !- Enthalpy 14 {J/kg} 

    45,                      !- Temperature 15 {C} 

    254741,                  !- Enthalpy 15 {J/kg} 

    100,                     !- Temperature 16 {C} 

    289545;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q23,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 
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    0,                       !- Enthalpy 1 {J/kg} 

    5,                       !- Temperature 2 {C} 

    11529,                   !- Enthalpy 2 {J/kg} 

    10,                      !- Temperature 3 {C} 

    23058,                   !- Enthalpy 3 {J/kg} 

    15,                      !- Temperature 4 {C} 

    32580,                   !- Enthalpy 4 {J/kg} 

    20,                      !- Temperature 5 {C} 

    41280,                   !- Enthalpy 5 {J/kg} 

    21.5,                    !- Temperature 6 {C} 

    55230,                   !- Enthalpy 6 {J/kg} 

    22,                      !- Temperature 7 {C} 

    81820,                   !- Enthalpy 7 {J/kg} 

    22.5,                    !- Temperature 8 {C} 

    128509,                  !- Enthalpy 8 {J/kg} 

    23,                      !- Temperature 9 {C} 

    201879,                  !- Enthalpy 9 {J/kg} 

    24,                      !- Temperature 10 {C} 

    236860,                  !- Enthalpy 10 {J/kg} 

    25,                      !- Temperature 11 {C} 

    245462,                  !- Enthalpy 11 {J/kg} 

    27,                      !- Temperature 12 {C} 

    249194,                  !- Enthalpy 12 {J/kg} 

    30,                      !- Temperature 13 {C} 

    254503,                  !- Enthalpy 13 {J/kg} 

    35,                      !- Temperature 14 {C} 

    258813,                  !- Enthalpy 14 {J/kg} 

    45,                      !- Temperature 15 {C} 

    267178,                  !- Enthalpy 15 {J/kg} 

    100,                     !- Temperature 16 {C} 

    300420;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q19,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    10,                      !- Temperature 2 {C} 

    23000,                   !- Enthalpy 2 {J/kg} 

    15,                      !- Temperature 3 {C} 
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    34520.5,                 !- Enthalpy 3 {J/kg} 

    17,                      !- Temperature 4 {C} 

    40928,                   !- Enthalpy 4 {J/kg} 

    18,                      !- Temperature 5 {C} 

    57546,                   !- Enthalpy 5 {J/kg} 

    18.5,                    !- Temperature 6 {C} 

    85371,                   !- Enthalpy 6 {J/kg} 

    19,                      !- Temperature 7 {C} 

    136049,                  !- Enthalpy 7 {J/kg} 

    19.5,                    !- Temperature 8 {C} 

    192727,                  !- Enthalpy 8 {J/kg} 

    20,                      !- Temperature 9 {C} 

    229746,                  !- Enthalpy 9 {J/kg} 

    21,                      !- Temperature 10 {C} 

    253446,                  !- Enthalpy 10 {J/kg} 

    22,                      !- Temperature 11 {C} 

    258295,                  !- Enthalpy 11 {J/kg} 

    24,                      !- Temperature 12 {C} 

    263196,                  !- Enthalpy 12 {J/kg} 

    26,                      !- Temperature 13 {C} 

    267800,                  !- Enthalpy 13 {J/kg} 

    30,                      !- Temperature 14 {C} 

    277000,                  !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    288500,                  !- Enthalpy 15 {J/kg} 

    45,                      !- Temperature 16 {C} 

    300000;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q20,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    10,                      !- Temperature 2 {C} 

    23884,                   !- Enthalpy 2 {J/kg} 

    15,                      !- Temperature 3 {C} 

    35572,                   !- Enthalpy 3 {J/kg} 

    18,                      !- Temperature 4 {C} 

    41942,                   !- Enthalpy 4 {J/kg} 
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    19,                      !- Temperature 5 {C} 

    48187,                   !- Enthalpy 5 {J/kg} 

    19.5,                    !- Temperature 6 {C} 

    58927,                   !- Enthalpy 6 {J/kg} 

    20,                      !- Temperature 7 {C} 

    85177,                   !- Enthalpy 7 {J/kg} 

    20.5,                    !- Temperature 8 {C} 

    133117,                  !- Enthalpy 8 {J/kg} 

    21,                      !- Temperature 9 {C} 

    189467,                  !- Enthalpy 9 {J/kg} 

    21.5,                    !- Temperature 10 {C} 

    219964,                  !- Enthalpy 10 {J/kg} 

    22,                      !- Temperature 11 {C} 

    231764,                  !- Enthalpy 11 {J/kg} 

    24,                      !- Temperature 12 {C} 

    241426,                  !- Enthalpy 12 {J/kg} 

    26,                      !- Temperature 13 {C} 

    249461,                  !- Enthalpy 13 {J/kg} 

    30,                      !- Temperature 14 {C} 

    260661,                  !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    269661,                  !- Enthalpy 15 {J/kg} 

    45,                      !- Temperature 16 {C} 

    283853;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q22,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    10,                      !- Temperature 2 {C} 

    23910,                   !- Enthalpy 2 {J/kg} 

    15,                      !- Temperature 3 {C} 

    33594,                   !- Enthalpy 3 {J/kg} 

    20,                      !- Temperature 4 {C} 

    40740,                   !- Enthalpy 4 {J/kg} 

    21,                      !- Temperature 5 {C} 

    51907,                   !- Enthalpy 5 {J/kg} 

    21.5,                    !- Temperature 6 {C} 

    68270,                   !- Enthalpy 6 {J/kg} 
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    22,                      !- Temperature 7 {C} 

    104890,                  !- Enthalpy 7 {J/kg} 

    22.5,                    !- Temperature 8 {C} 

    165194,                  !- Enthalpy 8 {J/kg} 

    23,                      !- Temperature 9 {C} 

    211186,                  !- Enthalpy 9 {J/kg} 

    24,                      !- Temperature 10 {C} 

    234923,                  !- Enthalpy 10 {J/kg} 

    25,                      !- Temperature 11 {C} 

    239018,                  !- Enthalpy 11 {J/kg} 

    26,                      !- Temperature 12 {C} 

    240991,                  !- Enthalpy 12 {J/kg} 

    28,                      !- Temperature 13 {C} 

    244289,                  !- Enthalpy 13 {J/kg} 

    30,                      !- Temperature 14 {C} 

    247423,                  !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    252815,                  !- Enthalpy 15 {J/kg} 

    45,                      !- Temperature 16 {C} 

    260881;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q26,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    10,                      !- Temperature 2 {C} 

    17659,                   !- Enthalpy 2 {J/kg} 

    15,                      !- Temperature 3 {C} 

    25496,                   !- Enthalpy 3 {J/kg} 

    20,                      !- Temperature 4 {C} 

    34860,                   !- Enthalpy 4 {J/kg} 

    22,                      !- Temperature 5 {C} 

    38912,                   !- Enthalpy 5 {J/kg} 

    24,                      !- Temperature 6 {C} 

    43012,                   !- Enthalpy 6 {J/kg} 

    25,                      !- Temperature 7 {C} 

    56925,                   !- Enthalpy 7 {J/kg} 

    25.5,                    !- Temperature 8 {C} 

    83753,                   !- Enthalpy 8 {J/kg} 
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    26,                      !- Temperature 9 {C} 

    134141,                  !- Enthalpy 9 {J/kg} 

    26.5,                    !- Temperature 10 {C} 

    202133,                  !- Enthalpy 10 {J/kg} 

    27,                      !- Temperature 11 {C} 

    236767,                  !- Enthalpy 11 {J/kg} 

    28,                      !- Temperature 12 {C} 

    243214,                  !- Enthalpy 12 {J/kg} 

    30,                      !- Temperature 13 {C} 

    251174,                  !- Enthalpy 13 {J/kg} 

    32,                      !- Temperature 14 {C} 

    254599,                  !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    258003,                  !- Enthalpy 15 {J/kg} 

    45,                      !- Temperature 16 {C} 

    267065;                  !- Enthalpy 16 {J/kg} 

 

MaterialProperty:PhaseChange, 

    BioPCMDSCM51Q28,        !- Name 

    ,                        !- Temperature Coefficient for Thermal Conductivity {W/m-K2} 

    0,                       !- Temperature 1 {C} 

    0,                       !- Enthalpy 1 {J/kg} 

    10,                      !- Temperature 2 {C} 

    6065,                    !- Enthalpy 2 {J/kg} 

    15,                      !- Temperature 3 {C} 

    22866,                   !- Enthalpy 3 {J/kg} 

    20,                      !- Temperature 4 {C} 

    31442,                   !- Enthalpy 4 {J/kg} 

    24,                      !- Temperature 5 {C} 

    39508,                   !- Enthalpy 5 {J/kg} 

    26,                      !- Temperature 6 {C} 

    45427,                   !- Enthalpy 6 {J/kg} 

    27,                      !- Temperature 7 {C} 

    55943,                   !- Enthalpy 7 {J/kg} 

    27.5,                    !- Temperature 8 {C} 

    72402,                   !- Enthalpy 8 {J/kg} 

    28,                      !- Temperature 9 {C} 

    110681,                  !- Enthalpy 9 {J/kg} 

    28.5,                    !- Temperature 10 {C} 

    172530,                  !- Enthalpy 10 {J/kg} 
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    29,                      !- Temperature 11 {C} 

    218165,                  !- Enthalpy 11 {J/kg} 

    30,                      !- Temperature 12 {C} 

    244583,                  !- Enthalpy 12 {J/kg} 

    31,                      !- Temperature 13 {C} 

    248076,                  !- Enthalpy 13 {J/kg} 

    33,                      !- Temperature 14 {C} 

    253322,                  !- Enthalpy 14 {J/kg} 

    35,                      !- Temperature 15 {C} 

    256848,                  !- Enthalpy 15 {J/kg} 

    45,                      !- Temperature 16 {C} 

    268937;                  !- Enthalpy 16 {J/kg} 

 

!-   ===========  ALL OBJECTS IN CLASS: CONSTRUCTION =========== 

 

Construction, 

    Other Walls,             !- Name 

    PolyEthylene,            !- Outside Layer 

    PolyStyrene,             !- Layer 2 

    PolyEthylene;            !- Layer 3 

 

Construction, 

    Test Wall,               !- Name 

    Gypsum Board,            !- Outside Layer 

    PolyStyreneVaried,         !- Layer 2 

    BioPCMDSCM51Q24,        !- Layer 3 

    Gypsum Board;            !- Layer 4 

 

!-   ===========  ALL OBJECTS IN CLASS: GLOBALGEOMETRYRULES =========== 

 

GlobalGeometryRules, 

    UpperLeftCorner,         !- Starting Vertex Position 

    Counterclockwise,        !- Vertex Entry Direction 

    Relative,                !- Coordinate System 

    Relative,                !- Daylighting Reference Point Coordinate System 

    Relative;                !- Rectangular Surface Coordinate System 

 

 



126 

 

!-   ===========  ALL OBJECTS IN CLASS: ZONE =========== 

 

Zone, 

    Thermal Zone 1,          !- Name 

    -0,                      !- Direction of Relative North {deg} 

    2.1,                     !- X Origin {m} 

    0,                       !- Y Origin {m} 

    0.4;                     !- Z Origin {m} 

 

!-   ===========  ALL OBJECTS IN CLASS: BUILDINGSURFACE:DETAILED =========== 

 

BuildingSurface:Detailed, 

    East Wall,               !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    0,                       !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    0,                       !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    0,                       !- Vertex 2 Z-coordinate {m} 

    0,                       !- Vertex 3 X-coordinate {m} 

    1.3,                     !- Vertex 3 Y-coordinate {m} 

    0,                       !- Vertex 3 Z-coordinate {m} 

    0,                       !- Vertex 4 X-coordinate {m} 

    1.3,                     !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    Floor,                   !- Name 

    Floor,                   !- Surface Type 

    Other Walls,             !- Construction Name 
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    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    NoSun,                   !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    0,                       !- Vertex 1 X-coordinate {m} 

    1.3,                     !- Vertex 1 Y-coordinate {m} 

    0,                       !- Vertex 1 Z-coordinate {m} 

    0,                       !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    0,                       !- Vertex 2 Z-coordinate {m} 

    -2.1,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    0,                       !- Vertex 3 Z-coordinate {m} 

    -2.1,                    !- Vertex 4 X-coordinate {m} 

    1.3,                     !- Vertex 4 Y-coordinate {m} 

    0;                       !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    North Wall,              !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    0,                       !- Vertex 1 X-coordinate {m} 

    1.3,                     !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    0,                       !- Vertex 2 X-coordinate {m} 

    1.3,                     !- Vertex 2 Y-coordinate {m} 

    0,                       !- Vertex 2 Z-coordinate {m} 

    -2.1,                    !- Vertex 3 X-coordinate {m} 

    1.3,                     !- Vertex 3 Y-coordinate {m} 
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    0,                       !- Vertex 3 Z-coordinate {m} 

    -2.1,                    !- Vertex 4 X-coordinate {m} 

    1.3,                     !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    Roof,                    !- Name 

    Roof,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    0,                       !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    0,                       !- Vertex 2 X-coordinate {m} 

    1.3,                     !- Vertex 2 Y-coordinate {m} 

    2.1,                     !- Vertex 2 Z-coordinate {m} 

    -2.1,                    !- Vertex 3 X-coordinate {m} 

    1.3,                     !- Vertex 3 Y-coordinate {m} 

    2.1,                     !- Vertex 3 Z-coordinate {m} 

    -2.1,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    West Wall,               !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 
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    ,                        !- Number of Vertices 

    -2.1,                    !- Vertex 1 X-coordinate {m} 

    1.3,                     !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    -2.1,                    !- Vertex 2 X-coordinate {m} 

    1.3,                     !- Vertex 2 Y-coordinate {m} 

    0,                       !- Vertex 2 Z-coordinate {m} 

    -2.1,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    0,                       !- Vertex 3 Z-coordinate {m} 

    -2.1,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    South Wall,              !- Name 

    Wall,                    !- Surface Type 

    Test Wall,               !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    -1.8,                    !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    1.8,                     !- Vertex 1 Z-coordinate {m} 

    -1.8,                    !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    0.3,                     !- Vertex 2 Z-coordinate {m} 

    -0.3,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    0.3,                     !- Vertex 3 Z-coordinate {m} 

    -0.3,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    1.8;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 
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    South Wall P1,           !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    -2.1,                    !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    -2.1,                    !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    1.8,                     !- Vertex 2 Z-coordinate {m} 

    -0.3,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    1.8,                     !- Vertex 3 Z-coordinate {m} 

    -0.3,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    South Wall P2,           !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    -0.3,                    !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    2.1,                     !- Vertex 1 Z-coordinate {m} 

    -0.3,                    !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    -4.51194637207664e-017,  !- Vertex 2 Z-coordinate {m} 
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    0,                       !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    0,                       !- Vertex 3 Z-coordinate {m} 

    0,                       !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    2.1;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    South Wall P3,           !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 

    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    -2.1,                    !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    1.8,                     !- Vertex 1 Z-coordinate {m} 

    -2.1,                    !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    0.3,                     !- Vertex 2 Z-coordinate {m} 

    -1.8,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    0.3,                     !- Vertex 3 Z-coordinate {m} 

    -1.8,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    1.8;                     !- Vertex 4 Z-coordinate {m} 

 

BuildingSurface:Detailed, 

    South Wall P4,           !- Name 

    Wall,                    !- Surface Type 

    Other Walls,             !- Construction Name 

    Thermal Zone 1,          !- Zone Name 

    Outdoors,                !- Outside Boundary Condition 

    ,                        !- Outside Boundary Condition Object 

    SunExposed,              !- Sun Exposure 

    WindExposed,             !- Wind Exposure 
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    ,                        !- View Factor to Ground 

    ,                        !- Number of Vertices 

    -2.1,                    !- Vertex 1 X-coordinate {m} 

    0,                       !- Vertex 1 Y-coordinate {m} 

    0.3,                     !- Vertex 1 Z-coordinate {m} 

    -2.1,                    !- Vertex 2 X-coordinate {m} 

    0,                       !- Vertex 2 Y-coordinate {m} 

    0,                       !- Vertex 2 Z-coordinate {m} 

    -0.3,                    !- Vertex 3 X-coordinate {m} 

    0,                       !- Vertex 3 Y-coordinate {m} 

    -4.51194637207664e-017,  !- Vertex 3 Z-coordinate {m} 

    -0.3,                    !- Vertex 4 X-coordinate {m} 

    0,                       !- Vertex 4 Y-coordinate {m} 

    0.3;                     !- Vertex 4 Z-coordinate {m} 

 

!-   ===========  ALL OBJECTS IN CLASS: ELECTRICEQUIPMENT =========== 

 

ElectricEquipment, 

    Fan,                     !- Name 

    Thermal Zone 1,          !- Zone or ZoneList Name 

    ON,                      !- Schedule Name 

    EquipmentLevel,          !- Design Level Calculation Method 

    6.9,                     !- Design Level {W} 

    ,                        !- Watts per Zone Floor Area {W/m2} 

    ,                        !- Watts per Person {W/person} 

    ,                        !- Fraction Latent 

    ,                        !- Fraction Radiant 

    ,                        !- Fraction Lost 

    General;                 !- End-Use Subcategory 

 

 

!-   ===========  ALL OBJECTS IN CLASS: ZONEINFILTRATION:DESIGNFLOWRATE 

=========== 

 

ZoneInfiltration:DesignFlowRate, 

    Infiltration,            !- Name 

    Thermal Zone 1,          !- Zone or ZoneList Name 

    Infiltration 2,          !- Schedule Name 

    AirChanges/Hour,         !- Design Flow Rate Calculation Method 
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    ,                        !- Design Flow Rate {m3/s} 

    ,                        !- Flow per Zone Floor Area {m3/s-m2} 

    ,                        !- Flow per Exterior Surface Area {m3/s-m2} 

    0.5,                     !- Air Changes per Hour {1/hr} 

    1,                       !- Constant Term Coefficient 

    ,                        !- Temperature Term Coefficient 

    ,                        !- Velocity Term Coefficient 

    ;                        !- Velocity Squared Term Coefficient 

 

!-   ===========  ALL OBJECTS IN CLASS: HVACTEMPLATE:THERMOSTAT =========== 

 

HVACTemplate:Thermostat, 

    heating and cooling ,    !- Name 

    ,                        !- Heating Setpoint Schedule Name 

    18,                      !- Constant Heating Setpoint {C} 

    ,                        !- Cooling Setpoint Schedule Name 

    26;                      !- Constant Cooling Setpoint {C} 

 

 

!-   ===========  ALL OBJECTS IN CLASS: HVACTEMPLATE:ZONE:IDEALLOADSAIRSYSTEM 

=========== 

 

HVACTemplate:Zone:IdealLoadsAirSystem, 

    Thermal Zone 1,          !- Zone Name 

    heating and cooling ,    !- Template Thermostat Name 

    ,                        !- System Availability Schedule Name 

    50,                      !- Maximum Heating Supply Air Temperature {C} 

    13,                      !- Minimum Cooling Supply Air Temperature {C} 

    0.0156,                  !- Maximum Heating Supply Air Humidity Ratio {kgWater/kgDryAir} 

    0.0077,                  !- Minimum Cooling Supply Air Humidity Ratio {kgWater/kgDryAir} 

    NoLimit,                 !- Heating Limit 

    ,                        !- Maximum Heating Air Flow Rate {m3/s} 

    ,                        !- Maximum Sensible Heating Capacity {W} 

    NoLimit,                 !- Cooling Limit 

    ,                        !- Maximum Cooling Air Flow Rate {m3/s} 

    ,                        !- Maximum Total Cooling Capacity {W} 

    Office HVAC,             !- Heating Availability Schedule Name 

    Office HVAC,             !- Cooling Availability Schedule Name 

    ConstantSensibleHeatRatio,  !- Dehumidification Control Type 

    0.7,                     !- Cooling Sensible Heat Ratio {dimensionless} 
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    60,                      !- Dehumidification Setpoint {percent} 

    None,                    !- Humidification Control Type 

    30,                      !- Humidification Setpoint {percent} 

    None,                    !- Outdoor Air Method 

    0.00944,                 !- Outdoor Air Flow Rate per Person {m3/s} 

    ,                        !- Outdoor Air Flow Rate per Zone Floor Area {m3/s-m2} 

    ,                        !- Outdoor Air Flow Rate per Zone {m3/s} 

    ,                        !- Design Specification Outdoor Air Object Name 

    None,                    !- Demand Controlled Ventilation Type 

    NoEconomizer,            !- Outdoor Air Economizer Type 

    None,                    !- Heat Recovery Type 

    0.7,                     !- Sensible Heat Recovery Effectiveness {dimensionless} 

    0.65;                    !- Latent Heat Recovery Effectiveness {dimensionless} 

 

 

!-   ===========  ALL OBJECTS IN CLASS: SIZING:PARAMETERS =========== 

 

Sizing:Parameters, 

    1,                       !- Heating Sizing Factor 

    1;                       !- Cooling Sizing Factor 

 

 

!-   ===========  ALL OBJECTS IN CLASS: OUTPUT:VARIABLEDICTIONARY =========== 

 

Output:VariableDictionary, 

    regular;                 !- Key Field 

 

 

!-   ===========  ALL OBJECTS IN CLASS: OUTPUT:METER =========== 

 

Output:Meter, 

    Cooling:EnergyTransfer , !- Name 

    Monthly;                 !- Reporting Frequency 

 

Output:Meter, 

    Heating:EnergyTransfer , !- Name 

    Monthly;                 !- Reporting Frequency 


