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ENGLISH SUMMARY 

Night ventilation (NV) is a promising and efficient passive technology to lessen the 

problems of increasing cooling demand and deteriorating indoor environments. 

However, the application of this technology might be hesitated by architects or 

designers due to the high uncertainty of NV performance that depends on many 

factors. Thus, this study proposes a holistic method integrating global sensitivity 

analysis, dynamic full-scale experiments, building energy simulation, and 

optimization to improve NV performance. 

The thesis firstly revolves around the influential parameters for NV performance. The 

NV performance indicators are first reviewed and categorized. The influences of nine 

design parameters on nine selected performance indicators for different NV principles 

and climate conditions are then quantified by integrating Monte Carlo simulations 

with the regression method. The results indicate that the convective heat transfer 

coefficient (CHTC), thermal mass level, and night airflow rate are three crucial 

parameters. The usefulness and limitations of indicators are also analyzed based on 

the simulation results.  

Based on the three influential parameters, the thesis focuses on the experiment on 

convective heat transfer for NV. A novel air distribution principle, diffuse ceiling 

ventilation (DCV), and a commonly used principle, mixing ventilation (MV), are 

integrated with NV. Various thermal mass distribution schemes, airflow rates, and 

supply temperatures are designed in the experimental cases. The CHTC with supply 

reference temperature is deduced to develop the CHTC correlations tailored for NV 

and compare with the previous empirical CHTC correlations. The comparison 

discloses that the empirical correlations produce large errors in predicting CHTC in 

most cases. The CHTC at a surface can be greatly augmented by increasing the 

thermal mass level and be somewhat affected by other surfaces’ thermal mass 

distribution.  

Finally, the thesis conducts the simulation and optimization of NV performance after 

validating the proposed CHTC correlations in a building energy simulation tool. 

Moreover, for DCV, the CHTC correlations for the surfaces in the plenum and diffuse 

ceiling are identified by comparing the simulated and measured data. The simulation 

results indicate that a general NV scheme saves the cooling energy and could lead to 

an overcooling penalty in a cold climate. DCV offers a greater energy-saving potential 

and better indoor thermal comfort than MV. Compared with the developed 

correlations, the empirical CHTC correlations overestimates the NV energy-saving 

potential and offer a discrepancy in thermal comfort prediction. Optimizing the night 

cooling with MV and DCV can both significantly save energy use and reduce the risk 

of draught. The performance of night cooling with DCV also improves more after the 

optimization.  
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DANSK RESUME 

Natkøling med udeluft (NV) er en lovende og effektiv passiv teknologi til at reducere 

problemer med stigende kølebehov og forhøjede temperaturer i indeklimaet. 

Imidlertid tøver arkitekter eller designere med anvendelse af denne teknologi på grund 

af den høje usikkerhed om dets ydeevne, der afhænger af mange faktorer. Således 

foreslår denne undersøgelse en holistisk metode, der integrerer global 

følsomhedsanalyse, dynamiske fuldskalaeksperimenter, opbygning af 

energisimulering og optimering for at simulere og forbedre NV-ydeevne. 

Afhandlingen analyserer først de indflydelsesrige parametre for NV-ydeevne. NV-

ydevne indikatorer gennemgås og kategoriseres først. Indflydelsen af ni 

designparametre på ni udvalgte ydeevneindikatorer for forskellige NV-koncepter og 

klimaforhold kvantificeres derefter ved at integrere Monte Carlo-simuleringer med 

følsomhedsanalyser. Resultaterne indikerer, at den konvektive 

varmeoverførselskoefficient (CHTC), niveau af termisk masse og udeluftmængden 

om natten er tre vigtige parametre. Indikatorernes anvendelighed og begrænsninger 

analyseres også på baggrund af simuleringsresultaterne. 

Baseret på de tre mest indflydelsesrige parametre fokuserer afhandlingen på en 

eksperimentel undersøgelse af konvektiv varmeoverførsel for NV. Et nyt koncept for 

luftfordeling, diffus loftsventilation (DCV) og et almindeligt anvendt koncept, 

opblandingsventilation (MV), anvendes med NV. I de eksperimentelle forsøg 

anvendes forskellige fordelinger af termisk masse, ventilationsluftmængder og 

indblæsningstemperaturer. CHTC baseret for indblæsningstemperatur som 

referencetemperatur er udledt, og udviklede CHTC-korrelationer skræddersyet til NV 

er sammenlignet med empiriske CHTC-korrelationer fra litteraturen. 

Sammenligningen afslører, at de empiriske sammenhænge frembringer store fejl i 

forudsigelse af CHTC i de fleste tilfælde. CHTC på en overflade kan i høj grad forøges 

ved at øge den termiske masse og påvirkes desuden lidt af de andre overfladers 

fordeling af termiske masse. 

Endelig udføres i afhandlingen simulering og optimering af NV-ydeevne i et 

bygningsenergisimuleringsværktøj med de validerede korrelationer. Desuden 

identificeres CHTC-korrelationer for overfladerne i plenum og diffust loft ved DCV 

ved at sammenligne de simulerede og målte data. Simuleringsresultaterne indikerer, 

at anvendelse af NV generelt sparer køleenergie og kan føre til overkøling i et koldt 

klima. DCV tilbyder et større energibesparelsespotentiale og bedre termisk komfort 

end MV. Sammenlignet med de udviklede korrelationer overvurderer de empiriske 

CHTC-korrelationer NV-energibesparelsespotentialet og giver en uoverensstemmelse 

i forudsigelse af termisk komfort. Optimering af natkøling med MV og DCV kan både 

reducere energiforbruget betydeligt og reducere risikoen for træk. Ydeevnen af DCV 

forbedres også mere efter optimeringen. 
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Nomenclature 
 

Latin symbols  

  

𝑐 Heat capacity 

𝐶 Constant 

𝑐𝑝 Specific heat capacity 

𝐸𝐼 Embodied impact 

ℎ Surface heat transfer coefficient 

𝑁 Number of data points 

𝑃 Power 

𝑞 Heat flux 

𝑂𝐼 Operational impacts 

𝑄 Cooling demands 

𝑡 Time 

𝑇 Temperature 

𝑚̇ Airflow rate  

𝑤𝑓 Weighing factor 

  

Greek symbols  

  

𝛥 Change in a variable 

  
Subscript  

  

𝑐𝑜𝑛𝑣 Convective 

𝑐𝑜𝑛𝑑 Conductive 

𝑒 end 

𝑟𝑎𝑑 Radiative 

𝑟𝑒𝑓 Reference 

𝑜 Outdoor 

𝑜𝑢𝑡 Outlet 

𝑠 Start 

𝑠𝑐𝑒𝑛 Scenario 

𝑠𝑢𝑟𝑓 Surface 

𝑖 Surface index or indoor 

𝑖𝑛 Inlet 

𝑗 Model instance j 

𝑚 Mean occupied zone temperature 

  

Acronyms  

  

ACH Air change rate per hour 

ADV Ventilative cooling advantage 

AHU Air handling unit 
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BES Building energy simulation 

CCP Climatic cooling potential 

CFD Computational fluid dynamics 

CHTC Convective heat transfer coefficient 

COP Coefficient of performance 

CRR Cooling requirements reduction 

DCV Diffuse ceiling ventilation 

DF Decrement factor 

DhC Degree-hours criterion 

DI Weighted discomfort temperature index 
FDM Finite difference model 

LHS Latin Hypercube Sampling 

TDR Temperature difference ratio 

TE Temperature efficiency 

MBE Mean bias error 

MCA Monte Carlo analysis 

MV Mixing ventilation 

NV Night ventilation 

POR Percentage outside the range 

RMSE Root mean squared error 

SRC Standard regression coefficient 
VAV Variable air volume 
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CHAPTER 1. INTRODUCTION  

1.1. PRINCIPLE OF NIGHT VENTILATION 

Buildings account for about 40% energy use of society, and its proportion tends to 

increase due to global warming [1]. The cooling energy demand of commercial 

buildings is predicted to increase by 275% in the mid-21st century, compared to 2016 

[2]. More and more office buildings are equipped with space cooling systems in 

medium or cold regions of Europe [3]. Concerning the challenges of overheating and 

increasing cooling demand in buildings, particularly in office buildings [4], night 

ventilation (NV) is a hopeful and effective method to address or lessen those 

problems. The basic principle of NV is to cool down the building thermal mass and 

indoor air at night by inducing the relatively cold outdoor with mechanical or natural 

means (see Figure 1-1). The cooled buildings can then offer a heat sink during the 

next daytime to cut the cooling demands and improve thermal comfort [5].  

 

Figure 1-1 Basic Concept of NV by (a) natural means and (b) mechanical means [6].  

For past decades, NV has been successfully and widely adopted [7]. However, 

architects or engineering still hesitates to leverage this technology despite its simple 

principle. The main reason is the high uncertainty of predicting the NV performance 

affected by many factors.  

Numerous indicators have been proposed or used in prior studies to evaluate the NV 

performance in different aspects such as heat removal, energy-saving potential, 

thermal comfort [8–12]. Some indicators are independent of each other, while others 

have varying degrees of dependence on each other. More importantly, it is essential 

to have an overview of available performance indicators since the NV performance 

usually requires multiple types of indicators to be evaluated. Based on some 

performance indicators, the local or global sensitivity analysis method was leveraged 

to quantify the influence of relevant parameters [13–17]. Most previous studies were 

only for one NV mode with one daytime cooling method in one climate region or 

based on one or two performance indicators. To guide the NV design or optimize the 

NV performance, various cooling systems, performance indicators, and climatic 

(a) (b)
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conditions should be considered comprehensively to identify the influential 

parameters.  

Building energy simulation (BES) tools are usually leveraged to simulate or predict 

the NV performance. Unlike the main purpose of daytime mechanical cooling to 

ensure indoor thermal comfort, an air change rate per hour (ACH) up to 10 h-1 can be 

employed when the office buildings are not occupied at night [15]. The internal 

convective heat transfer coefficient (CHTC) is then more significant in accurately 

predicting the NV performance in BES since the convection between building 

elements and cold air mainly drives the heat removal at night. BES tools often use 

empirical values or CHTC correlations to calculate the surface’s CHTC. However, 

those empirical values or correlations were deduced either by the steady-state or flat 

plate experiments [18], which may contribute to a great error in predicting NV 

performance. Prior research [9][19][20] experimentally investigated the convective 

heat transfer for NV with various air distribution principles. Those studies mainly 

concentrated on comparing the experimental CHTC with predicted CHTC by selected 

empirical correlations or analyzing the convective heat flows rather than developing 

the CHTC correlations tailored for NV. More importantly, those experiments were 

only based on one thermal mass level that was another important factor for the NV 

performance. BES tools can allow the users to set detailed envelope construction for 

the interior surface (e.g., ceiling, floor, walls), which can accurately consider the 

surface’ thermal mass level. However, the furniture in the real environment is treated 

as the virtual equivalent planar elements in BES [21], which might not accurately 

consider the thermal mass of indoor furniture. Therefore, it is essential to 

experimentally develop the CHTC correlations tailored for NV under different 

thermal mass distribution (indoor furniture included) schemes.  

A few studies optimized parameters that include the ACH and thermal mass level for 

NV design [22–25] to improve energy efficiency or thermal comfort. However, those 

optimization studies were based on a single performance indicator and used the one-

time-factor method (i.e., altering one parameter while fixing the remaining 

parameters) with a few and wide parameter distribution intervals. Thus, the interaction 

between different parameters was rarely considered. Those studies might only find 

the local rather than the global optimal NV design solution. Simulation-based 

optimization has become a popular approach for improving building performance 

while fulfilling several constraints [26], which can be leveraged to optimize the NV 

performance comprehensively.  

1.2. AIR DISTRIBTUION PRINCIPLES 

Air distribution principles of ventilation are crucial for the indoor built environment. 

The efficient distribution of airflow in rooms and the energy-efficient elimination of 

heat and ventilation loads have been the focus of research over the last few decades. 

The air distribution principles can be divided into different types, such as mixing 
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ventilation (MV), diffuse ceiling ventilation (DCV), wall attached ventilation, and 

displacement ventilation [27]. Numerous studies have experimentally or numerically 

investigated the contaminant/heat removal effectiveness, indoor thermal comfort, 

protection efficiency, air exchange efficiency during the occupied hours [28]. 

However, few studies have been devoted to comparing NV performance with various 

air distribution principles in BES. As mentioned before, only a few studies [9][19][20] 

experimentally analyzed the effect of NV with wall attached ventilation, mixing 

ventilation, and displacement ventilation, which were not applicable in BES.  

In those air distribution principles, DCV is relatively new, with the basic principle of 

supplying the air into the occupied room by penetrating the diffuse ceiling panel [27]. 

The DCV system consists of three components: plenum, diffuse ceiling, and occupied 

room, as shown in Figure 1-2. 

 

Figure 1-2 Principle of diffuse ceiling ventilation [29]. 

The plenum serves as a “duct” to supply air and can reduce or replace the normal duct. 

The suspended ceiling then acts as an “air diffuser” for air distribution [30]. For the 

sake of the large area of the suspended ceiling, the supply air velocity is quite low, 

which allows the DCV to deliver extremely cold air without elevating the draught’s 

risk [31]. Besides, the pressure drop across the suspended ceiling (<1.5 Pa) is quite 

low, which saves energy from fans and offers the potential for natural ventilation [32]. 

A design chart was put forward to compare the cooling capacity of different air 

distribution principles, which disclosed that the DCV had the highest cooling capacity 

(72 W/m2) to remove the internal heat load [33]. DCV was expected to offer a great 

NV potential due to the advantages mentioned above [29]. Nevertheless, only two 

studies investigated the surface cooling effect and heat transfer of night cooling with 

DCV [34][35]. Those studies focused on the plenum rather than the occupied room 

that directly impacted the energy consumption and occupants’ thermal comfort. More 

significantly, no previous studies simulated the energy performance of DCV in BES 

tools [31]. The main reason is the lack of CHTC correlations tailored for DCV. Only 
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a room with thermally activated building systems in the ceiling slab under the DCV 

scenario was simulated in a BES tool [36]. The CHTC correlations selected in this 

study were unknown.  

Therefore, the study of night cooling performance with DCV in BES tools is an area 

of research that needs to be filled. Additionally, other air distribution principles can 

also be selected for comparison. MV is a representative and the most widely used 

ventilation principle, where high momentum air is supplied from the sidewall or 

ceiling diffuser to mix with the room air directly, thereby diluting the concentration 

of pollutants and cooling or heating the room [28]. 

1.3. OBJECTIVE OF THE THESIS 

The thesis aims to define, investigate and evaluate the NV performance in office 

buildings for improving building design, to be more energy-efficient, and to provide 

a better indoor thermal comfort for occupants. The investigations will be realized 

using different research tools such as building energy simulation (BES) and full-scale 

laboratory experiments. The specific objectives include: 

(1) To obtain a deep understanding of the influencing parameters on the NV 

performance through a systematic analysis and sensitivity study of the 

impact of different design parameters. 

(2) To develop CHTC correlations tailored for NV under various air distribution 

principles, thermal mass distributions, supply temperatures, and airflow 

rates.  

(3) To provide new solutions for optimal design and operation of NV using a 

global optimization algorithm, by applying thermal mass distribution, by 

employing air distribution principles, and by developing a new ventilation 

control strategy. 

1.4. OUTLINE OF THE THESIS 

Chapter 1 introduces the research background and objective of this thesis, of which 

the night ventilation principle and air distribution principles are addressed. 

Chapter 2 reviews the NV performance indicators and conducts the Monte Carlo 

simulations to identify the significance of various parameters on those indicators 

based on the global sensitivity analysis and evaluate the usefulness of those indicators.   

Chapter 3 describes the experiments on the convective heat transfer of NV. Two air 

distribution principles (MV and DCV) and various thermal mass distribution schemes, 

ACHs, and supply temperatures are designed to develop CHTC correlations tailored 

for NV.  
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Chapter 4 validates the proposed CHTC correlations from experiments before 

simulating and comparing the performance of NV with DCV and MV in BES tools. 

Moreover, an optimization method is proposed to improve the performance in the field 

of energy-saving potential and indoor thermal comfort.  

Chapter 5 summarizes the conclusions of the work demonstrated. 

Chapter 6 closes the thesis with recommendations for future work. 
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CHAPTER 2. INFLUENTIAL 

PARAMETERS ON NIGHT 

VENTILATION PERFORMANCE 

THROUGH SENSITIVITY ANALYSIS  

Before evaluating or predicting the NV performance, it is necessary to have a basic 

knowledge about the available indicators. This chapter firstly reviews the performance 

indicators for NV. A global sensitivity analysis method is then adopted to identify the 

influential parameters on different performance indicators. At last, the usefulness of 

performance indicators is evaluated. This chapter aims to find the crucial parameters 

for NV design and operation as well as the useful indicators for subsequent research.  

2.1. REVIEW OF PERFORMANCE INDICATORS 

The performance indicators for evaluating NV can be categorized into four types, 

which are (1) heat removal effectiveness, (2) energy efficiency, (3) reduction in 

cooling energy use, and (4) thermal comfort improvement [37]. The first type 

quantifies the effectiveness of purging the stored excess heat. The second type 

indicates the ability to provide cooling energy. The third type represents the energy-

saving potential for mechanical cooling. The last type is the ability to reduce the 

uncomfortable percentage during the occupied period. Table 2-1 summarizes the NV 

performance indicators from the literature. The meaning of symbols can be seen in 

Nomenclature. For more detailed information about performance indicators, please 

refer to [37].  

Table 2-1 Summary of NV performance indicators. 

Type of 

indicators 

Indicator Equation Brief definition 

 

Sourc

e 

Heat 

removal 

effectivene

ss 

Ventilation 

effectiveness 

for heat 

removal 

(VEHR) 

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

𝑇𝑚 − 𝑇𝑖𝑛
 

 

Depends on air distribution systems, 

temperature difference between supply and 

exhaust air, airflow rate, and location of internal 

heat source 

[8] 

Temperature 

difference ratio 

(TDR) 

𝑇𝑜,𝑚𝑎𝑥 − 𝑇𝑖,𝑚𝑎𝑥

𝑇𝑜,𝑚𝑎𝑥 − 𝑇𝑜,𝑚𝑖𝑛
 

A higher TDR implies a greater difference 

between indoor and outdoor temperatures and a 

more efficient NV.  

[38]  

Temperature 

efficiency (TE) 

𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛

𝑇̅𝑠𝑢𝑟𝑓𝑎𝑐𝑒 − 𝑇𝑖𝑛
 

Yields from the measurement and mainly 

depends on the airflow rate and air distribution 

principles. 

[9] 

Decrement 

factor (DF) 

𝑇𝑖,𝑚𝑎𝑥 − 𝑇𝑖,𝑚𝑖𝑛

𝑇𝑜,𝑚𝑎𝑥 − 𝑇𝑜,𝑚𝑖𝑛
 

The ratio of indoor temperature variation to 

outdoor temperature variation. 

[39] 

Energy 

efficiency 

Coefficient of 

performance 

(COP) 

∫ 𝑚̇𝑎𝑖𝑟𝑐𝑝(𝑇𝑖(𝑡) − 𝑇𝑜(𝑡))𝑑𝑡
𝑡𝑒

𝑡𝑠

∫ 𝑃𝑒(𝑡)𝑑𝑡
𝑡𝑒

𝑡𝑠

 
The ratio of the cooling energy supplied to the 

electricity use of fans. A higher COP implies a 

greater energy saving contributed by NV.  

[10] 
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Potential 

energy 

efficiency 

(PEE) 

∫ 𝑚̇𝑎𝑖𝑟𝑐𝑝(𝑇𝑜(𝑡) − 𝑇𝑜𝑢𝑡(𝑡))𝑑𝑡
𝑡𝑒

𝑡𝑠

∫ 𝑃𝑒(𝑡)𝑑𝑡
𝑡𝑒

𝑡𝑠

 
The ratio of energy removal to the electricity 

use of fans. A higher PEE may be attributed to 

the tuning of NV system.  

[40] 

Seasonal 

energy 

efficiency ratio 

(SEER) 

𝑄𝑡,𝑐
𝑟𝑒𝑓

− 𝑄𝑡,𝑐
𝑠𝑐𝑒𝑛

𝑄𝑒𝑙,𝑣
 

The ratio of the saved cooling demand to 

electricity use of fans. A higher SEER implies a 

greater energy-saving benefit.  

[5] 

Ventilative 

cooling 

advantage 

(ADV) 

𝑄𝑒𝑙,𝑐
𝑟𝑒𝑓 − 𝑄𝑒𝑙,𝑐

𝑠𝑐𝑒𝑛

𝑄𝑒𝑙,𝑣
 

The ratio of the saved cooling energy use to the 

electricity use of fans. A higher ADV implies a 

great energy-saving benefit. 

[5] 

Life cycle 

efficiency ratio 

(LCER) 

𝑂𝐼𝑟𝑒𝑓 − 𝑂𝐼

𝐸𝐼 − 𝐸𝐼𝑟𝑒𝑓
 

Evaluates the environmental benefit of NV with 

different thermal inertia systems. A higher 

LCER implies a larger life cycle benefit.  

[41] 

Reduction 

in cooling 

energy use 

Cooling 

requirements 

reduction 

(CRR) 

𝑄𝑡,𝑐
𝑟𝑒𝑓

− 𝑄𝑡,𝑐
𝑠𝑐𝑒𝑛

𝑄𝑡,𝑐
𝑟𝑒𝑓  

The ratio of saved cooling demand to the 

reference case’s cooling demand. A positive 

CRR implies an energy-saving benefit, not vice 

versa.  

[5] 

Thermal 

comfort 

improveme

nt 

Degree-hours 

criterion 

(DhC) 

∑(𝑤𝑓𝑖 ∙ ℎ𝑖)

𝑂ℎ

𝑡=1

 

The accumulation of hours that the indoor 

operative temperature above 26℃ during the 

occupied period. A lower DhC implies better 

thermal comfort.  

[11]  

Percentage 

outside the 

range (POR) 

∑ (𝑤𝑓𝑖 ∙ ℎ𝑖)𝑂ℎ
𝑡=1

∑ (ℎ𝑖)
𝑂ℎ
𝑡=1

 
The percentage of thermal comfort parameters 

outside a prescribed level. Different thermal 

comfort models can be applied. A lower POR 

implies better thermal comfort. 

[42] 

Weighted 

discomfort 

temperature 

index (DI) 

∑(𝑇𝑖 − 𝑇𝑐𝑜𝑚𝑓,𝑠𝑢𝑝)2 Discomfort weighted on the distance of 

calculated indoor temperature from the 

acceptable temperature interval (e.g., 28℃). A 

lower DI implies better thermal comfort.  

[12] 

 

NV should be evaluated by selecting the appropriate performance indicators 

according to the application conditions (e.g., experiment or simulation). It is worth 

noting that the NV performance usually cannot be evaluated well with a single 

indicator, which needs to integrate different indicators. Quantifying the influence of 

various parameters on the indicators allows architects, engineers, or researchers to pay 

more attention to the crucial parameters for the selected performance indicators. This 

study selects nine representative performance indicators that can be adopted in the 

simulation research for the sensitivity analysis, which are TE, TDR, DF, COP, ADV, 

CRR, POR, DhC, and DI.    

2.2. GLOBAL SENSITIVITY ANALYSIS 

2.2.1. MODEL AND SENSITIVITY ANALYSIS DESCRIPTION 

To conduct the global sensitivity analysis using BES, a case room in a three-story 

office building located in Aarhus, Denmark, is selected and constructed in a BES tool, 

EnergyPlus. Figure 2-1 shows the case room model and the plan of the office building. 

The case room (zone 1W) is located on the second floor, with a floor area of 51.3 m2. 

The adiabatic boundary conditions are set for the internal walls between room 1W and 



CHAPTER 2. INFLUENTIAL PARAMETERS ON NIGHT VENTILATION PERFORMANCE THROUGH SENSITIVITY 
ANALYSIS 

 

25 

adjacent zones to assume identical thermal conditions for eliminating the heat 

conduction between adjacent zones. Room 1W is set with six occupants [43]. 

 

Figure 2-1(a) Case room model (b) plan of the three-story office building [44]. 

The typical meteorological year (TMY3) data [45] in summer (July 1 to September 1) 

of Copenhagen 061800 (IWEC), Geneva 067000 (IWEC), and Rome 162420 (IWEC) 

are selected to study the impact of climate conditions on NV performance. 

Copenhagen represents the cold climate regions, while Geneva and Rome represent 

the medium and hot climate regions, respectively. Figure 2-2 shows the outdoor dry-

bulb air temperature and direct solar radiation between July 1 and September 1 of 

three cities. Table 2-2 summarizes the statistics on the direct solar radiation and 

outdoor air temperature of three cities. It indicates a gradient difference between the 

climate data in the three cities. 
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Figure 2-2 Outdoor air temperature and direct solar radiation of (a) Copenhagen, (b) 
Geneva, and (c) Rome from July 1 to September 1. 

Table 2-2 Statistics on the direct solar radiation and outdoor air temperature of three cities.  

City Maximum daily direct solar radiation 

range (W/m2) 

Average daily outdoor air 

temperature range (°C) 

Copenhagen 9.2 W/m2 – 790.8 W/m2 10.4 °C – 21.7 °C   

Geneva 15.1 W/m2 – 888.4 W/m2 13.9 °C – 24.7 °C 

Rome 50.7 W/m2 – 858.2 W/m2 21.0 °C – 26.4 °C 

 

Different cooling systems are also equipped with room 1W for comprehensive 

research. For daytime cooling methods, air conditioner (AC), natural ventilation, and 

mechanical ventilation are selected separately. While for the NV, natural and 

mechanical systems are chosen. Therefore, there are five cooling systems to be 

investigated, which can be abbreviated as (1) “Daytime AC + Night MecVent”, (2) 

“Daytime AC + Night NatVent”, (3) “All Day NatVent”, (4) “All Day MecVent”, (5) 

“Daytime MecVent + Night NatVent”. The daytime cooling method operates during 

the 08:00 – 17:00 on summer weekdays, while the NV system works during 17:00 – 

08:00 on summer weekdays. Nine design parameters are selected and equipped with 

discrete, uniform, and triangular distribution, respectively. For more detailed 
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information about cooling systems and design parameters, please refer to Appendix 

A [44].  

Global sensitivity analysis can simultaneously vary all the input variables, 

demonstrating the outputs’ variations considered by the input factors compared to the 

local sensitivity analysis [46]. It might be time-consuming and impossible to conduct 

all parametric simulations, especially when there are continuous input variables. 

Therefore, the most widely used Monte Carlo analysis (MCA) method is adopted. 

Latin hypercube sampling (LHS) is then used to produce samples from nine design 

parameters with a sample size of 400 [47]. The parametric simulations based on the 

generated sample are conducted by coupling EnergyPlus with the parametric 

simulation manager jEPlus. After obtaining the results (i.e., values of performance 

indicators) from parametric simulations, the regression method is then applied. The 

software SimLab v2.2 is used for the regression method to calculate the standardized 

regression coefficient (SRC) of each input variable (i.e., design parameter). A positive 

value of SRC denotes that the indicator’s value increases as the associated design 

parameter’s value grows. A greater absolute value of SRC indicates that the associated 

design parameter is more significant.  

2.2.2. SENSITIVITY ANALYSIS RESULTS 

Figure 2-3 depicts the SRC of design parameters for the temperature efficiency (TE) 

in different cooling systems and climate conditions. It is worth noting that P6 has two 

sub-parameters, of which the discharge coefficient is the sub-parameter for the 

window opening under the natural ventilation scenario, and the night ACH is the sub-

parameter for night mechanical ventilation. The top three significant parameters are 

colored with red, yellow, and green.  

It can be seen that the SRC of design parameters differs a lot for temperature 

efficiency in diverse cooling systems and climate conditions. The internal CHTC 

ranks first in most cases.  Even for the “All Day MecVent” system, the internal CHTC 

is the second influential parameter. With the increase of internal CHTC, the TE grows. 

For P6, the night ACH has a large SRC for night mechanical ventilation systems, 

while the SRC of discharge coefficient for night natural ventilation systems is small. 

The reason should be that the range of discharge coefficient is relatively narrow, 

which does not make a great difference in the airflow rate. Increasing the ACH tends 

to reduce the temperature efficiency. It is worth noting that TE is often applied in a 

mathematical model in combination with building information, ACH, and climate 

cooling potential to estimate the heat removed by NV [9]. The window-wall ratio is 

also a significant parameter for the temperature efficiency, which ranks second or 

third among all the parameters in most scenarios. The increase in window-wall ratio 

tends to decrease the temperature efficiency. In the “Daytime MecVent+Night 

NatVent” system, the internal thermal mass is influential and gets more important in 

a cold climate. 
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Figure 2-3 SRC of design parameters for the temperature efficiency [44]. 

The sensitivity analysis results of the remaining performance indicators with the 

similar interpolation method in Figure 2-3 can be referred to Appendix A [44]. Finally, 

the top three influential parameters for each indicator are counted to demonstrate the 

composition of the top three important parameters (see Figure 2-4). Window-wall 

ratio is the most influential parameter for more than half of the performance indicators, 

followed by the internal CHTC, internal thermal mass, and night ACH [44]. Those 

four parameters also account for more than 90% in the second important parameter 

composition and about 70% in the third important parameter composition. The 

building airtightness and internal heat, external thermal mass, and DeltaT (i.e., NV 

activation threshold temperature) should be paid attention to in some scenarios [44]. 

All the performance indicators are not sensitive to the remaining two design 

parameters (i.e., discharge coefficient of the opening and building orientations). 

 

Figure 2-4. Composition of the top three influential parameters [44]. 
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2.3. EVALUATION OF PERFORMANCE INDICATORS 

The usefulness and unavailability of performance indicators are evaluated based on 

the sensitivity analysis results and parametric simulations’ outputs. The indicators of 

heat removal effectiveness should be carefully adopted. For instance, TE is only 

applicable to compare the NV performance under the same ACH scenario directly. 

Otherwise, it needs to combine other parameters like climate cooling potential, 

building parameters, and ACH in a simple model [8] to estimate the amount of heat 

removed.  Similarly, DF is suitable for the evaluation of different NV systems with 

the same building parameters. Moreover, TDR is only suitable to compare the NV 

performance under the same climate condition since the definition of TDR is based 

on the ambient temperature fluctuation.  

ADV and CRR are appropriate indicators to evaluate the mechanical NV and natural 

NV systems, respectively. The value and sign of ADV and CRR can directly indicate 

whether the NV can save energy or not. The COP in this study originates from the 

definition of “COP” for AC performance. However, a COP larger than 1 does not 

necessarily save the total (i.e., daytime + night cooling systems) cooling energy.  

Therefore, the COP is only suitable for the evaluation of ventilation energy efficiency 

during the nighttime.  

Among the thermal comfort improvement indicators, POR is the best indicator as it 

provides a straightforward explanation of percentages beyond the comfort range 

between 0 and 100%. It is also applicable to compare different NV systems under 

various climate conditions. More importantly, different thermal comfort models (e.g., 

Fanger, Adaptive) or parameters (e.g., operative temperature) can be used with POR. 

In contrast, DhC and DI both have their disadvantages and limitations. For instance, 

the threshold temperature for thermal comfort is too simple, either the indoor air 

temperature (e.g., 28℃) or the operative temperature (e.g., 26℃). Besides, the two 

indicators are cumulative indexes, which might not demonstrate thermal comfort 

intuitively without comparison.   

2.4. CONCLUSION 

This chapter firstly reviews the NV performance indicators in the literature. A holistic 

method integrating the global sensitivity analysis with Monte Carlo simulations is 

then adopted to identify the crucial parameters for NV performance. Finally, the 

usefulness and constraints of the indicators are evaluated. The following conclusions 

can be drawn:  

The influence of design parameters on selected indicators depends significantly on 

climatic conditions and NV principles [44]. The four most influential design 

parameters are window-wall ratio, internal CHTC, internal thermal mass level, and 

night ACH [44]. The building airtightness, internal heat gains, external thermal mass, 
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and NV activation threshold temperature are influential for a few performance 

indicators under certain scenarios [44]. All the performance indicators are not 

sensitive to the discharge coefficient of the opening and building orientations.  

There are limitations and disadvantages to some performance indicators. TE is only 

applicable to compare the NV performance under the same ACH scenario directly, 

and DF is suitable for evaluating different NV systems with the same building 

parameters. TDR is only suitable to compare the NV performance under the same 

climate condition. DhC and DI might be simplistic with the thermal comfort threshold 

temperature and not demonstrate thermal comfort intuitively without comparison. 

COP is only applicable to evaluate the ventilation energy efficiency during the 

nighttime. In summary, ADV (for mechanical NV), CRR (for natural NV), and POR 

are recommended for NV performance evaluation.  
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CHAPTER 3. EXPERIMENTS ON 

CONVECTIVE HEAT TRANSFER FOR 

NIGHT VENTILATION 

Chapter 2 demonstrates that the internal CHTC, internal thermal mass, and night ACH 

are influential parameters for NV performance [44]. The internal CHTC in BES tools 

is calculated by the empirical CHTC correlations developed from the steady-state full-

scale or flat plate experiments. Those correlations are not tailored for NV, which 

might cause an error in calculating the CHTC and cause a large error in predicting NV 

performance. Therefore, two air distribution principles of mixing ventilation (MV) 

and diffuse ceiling ventilation (DCV) are integrated with NV in a guarded hot box for 

dynamic full-scale experiments, respectively. Different supply temperatures, airflow 

rates, and thermal mass distribution schemes are designed for the experiments to 

develop the CHTC correlations tailored for NV.  

3.1. EXPERIMENTAL DESCRIPTIONS 

A guarded hot box is leveraged for night cooling experiments with MV (see Figure 

3-1) and DCV (see Figure 3-2).  The hot box contains the guarding zone, upper zone, 

test room. The upper zone and test room are covered by the guarding zone that is 

conditioned by an air handling unit (AHU) with a constant zone air temperature of 

22 °C [48]. The conditioned air is supplied to the test room directly (MV) or to the 

upper zone firstly (DCV) by another AHU to simulate the night cooling. The test room 

acts as an office room without any internal heat gains. Besides, the envelope in the 

hot box is well insulated. The main difference between the MV experiment and the 

DCV experiment is the test room’s ceiling material. For the MV experiment, the 

ceiling is made up of 12 mm wood panels and 50 mm foam boards. For the DCV 

experiment, the porous wood-cement boards that allow the air to penetrate are 

adopted. Moreover, the inlet’s position is different for the two experiments. While the 

outlet for the two experiments is the same, locating in the lower right corner of the 

test room’s front wall [48].  
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Figure 3-1 Cutaway view of guarded hot box for the MV experiment [48].  

 

Figure 3-2 Cutaway view of guarded hot box for the DCV experiment [49]. 
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The 18 mm fermacell® fiber plasterboards with a high dynamic heat capacity are 

placed on the test room’s interior surface to form different thermal mass distribution 

schemes. Moreover, four indoor tables (furniture) made up of fiber plasterboards are 

also placed in different positions in the test room (see Figure 3-3). There are 48 design 

cases for the MV experiment and 25 design cases for the DCV experiment. Those 

design cases contain different thermal mass distribution schemes, supply ACHs, and 

initial difference (ΔT0) between the supply and indoor temperatures. For each design 

case, the conditioned air at the specified airflow rate and the temperature is 

continuously supplied to the steady-state test room (indoor air and surface 

temperatures are 22 °C) for eight hours for cooling. 

 

Figure 3-3 Tables (a) in the middle of the room, (b) close to walls, and (c) close to corners 
or walls [48]. 

The measured parameters in the two experiments include surface temperatures, air 

temperatures, temperature differences between interior and exterior surfaces, airflow 

rate, and air velocities. Each interior surface is equally divided into nine parts, of 

which the centre of each part is installed with the temperature (by type K 

thermocouples) and temperature difference (by thermopiles) measuring points. Hot-

sphere anemometers are also placed in special movable columns to measure the local 

air velocity 50 mm away from the aforementioned measuring points. FTMU 

UltraLink airflow sensor is used to measure the airflow. All the data are recorded 

every 10s. For more detailed information about the experiment setup, please refer to 

Appendix B [48] and Appendix C [49]. 

3.2. Data processing method 

3.2.1. CALCULATION OF CHTC AND UNCERTAINTY ANALYSIS 

Equation (3-1) is used to calculate the CHTC at surface i. 

ℎ𝑐𝑜𝑛𝑣,𝑖 =
𝑞conv,𝑖

(𝑇ref−𝑇surf,𝑖)
=

𝑞cond,𝑖−𝑞rad,𝑖

(𝑇ref−𝑇surf,𝑖)
                          (3-1) 

where 𝑞conv,𝑖 is the convective heat flux of surface i, 𝑇ref is the reference temperature, 

and 𝑇surf,𝑖  is the surface i temperature. 𝑞conv,𝑖 is then derived based on the conductive 

heat flux (𝑞cond,𝑖) and radiative heat flux (𝑞rad,𝑖). A 1D transient finite difference 
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model (FDM) [50] is adopted to calculate the 𝑞cond,𝑖 . The measured surface 

temperatures are the boundary conditions for 1D transient FDM. On the other hand, 

the radiosity method [51] is selected to calculate the 𝑞rad,𝑖. The view factor between 

surfaces for the radiative heat transfer is calculated by the adaptive integration method 

(for design cases with tables) [52] and perpendicular and parallel rectangular plates 

method (for design cases without tables) [53]. 

Similar to the global sensitivity analysis introduced in Section 2.2, the MCA method 

is also adopted to estimate the uncertainty of results considering the uncertainties of 

the material properties the accuracy of measurement equipment, which are assumed 

with the normal distribution. According to those uncertainties and accuracy, the LHS 

method is also leveraged to produce the input variable with a sample size of 300. After 

experimental results (e.g., CHTC) based on the generated sample are obtained, total 

uncertainties of experiment results are then calculated. For more detailed information 

about the data processing method, please refer to Appendix B [48] and Appendix C 

[49]. 

3.2.2. GENERAL FORM OF DEVELOPED CHTC CORRELATION  

The Equation (3-2) originates from Fisher [54] is selected as the general form for 

developing the CHTC correlations tailored for NV. The reason is that NV usually 

drives the forced convection regime in the enclosure [20]. For detailed information 

about the general form, please refer to Appendix B [48]. 

ℎ =  C1 + C2 ∙ 𝐴𝐶𝐻𝑚 ,   0.5 ≤ 𝑚 ≤ 0.8                     (3-2) 

where C1 and C2 are two constants, the m is the exponent. The exponent of 0.5 and 

0.8 denotes the general form is for laminar flow and turbulent flow, respectviely. 

When the exponent lies between 0.5 and 0.8, the general form is for the transitional 

flow.  

The surface-averaged experimental CHTC selects the supply reference temperature. 

Apart from the reason that forced convection correlations usually select the supply 

temperature as reference [18]. It is difficult to accurately determine the average indoor 

temperature because of the uneven air distribution in MV and DCV. Moreover, 

compared to other reference temperatures (e.g., outlet, local and indoor), the supply 

temperature can contribute to the lowest uncertainty of CHTC due to the highest 

temperature difference in Equation (3-1). 

3.3. EXPERIMENTAL RESULTS OF MIXING VENTILATION 

The experimental CHTCs are also compared with the predicted CHTCs by existing 

empirical CHTC correlations. The comparable correlations developed using a radial 

ceiling diffuser by Fisher & Pedersen [55] and a sidewall inlet by Fisher [54] are 



CHAPTER 3. EXPERIMENTS ON CONVECTIVE HEAT TRANSFER FOR NIGHT VENTILATION 
 

35 

selected, as shown in Table 3-1 and Table 3-2. The correlations are available when 

ACH ranges between 3 and 12 h-1. It should be noticed that the Fisher’s ceiling 

correlation also depends on the Archimedes number, which is not selected for 

comparison in this Chapter.  

Table 3-1 Radial ceiling diffuser CHTC correlations [55]. 

Surface Correlations 

Ceiling ℎ = 0.49𝐴𝐶𝐻0.8 

Floor ℎ = 0.13𝐴𝐶𝐻0.8 

Walls ℎ = 0.19𝐴𝐶𝐻0.8 

 

Table 3-2. Sidewall inlet CHTC correlations [54]. 

Surface Correlations 

Floor ℎ =  0.698 + 0.173𝐴𝐶𝐻0.8 

Walls ℎ =  −0.109 + 0.135𝐴𝐶𝐻0.8 

 

3.3.1. CHTC AT THE CEILING 

To develop the correlations based on the experimental CHTC, the curve fitting 

toolboxTM [56] in MATLAB is adopted using the nonlinear least square method. 

Figure 3-4 illustrates the experimental CHTCs at the ceiling, developed correlations, 

and empirical radial ceiling diffuser ceiling correlation. The titles above sub-figures 

represent the thermal mass (i.e., fiber plasterboards) distribution scheme. For instance, 

“Ceiling + Floor + Table(a)” means that the ceiling and floor have thermal mass, and 

four indoor tables are in the middle of the room.  The R2 (coefficient of determination) 

of developed correlations (i.e., fitted curves) is between 0.93 and 0.99. The 

uncertainty of experimental value ranges between ± 4% and ± 10%.  

It is worth noting that several ACH points in Figure 3-4a, b, c have a pair of 

experimental values. The pair of values is derived from the design cases with two 

different ΔT0 (5 or 10 °C) with the aim of initial trials that whether the ΔT0 is 

influential on the experimental value. It can be seen that the pair of experiment values 

under the same ACH is very close, indicating that CHTC is almost not dependent on 

ΔT0. This can be explained that the inlet momentum is the main source to drive the 

forced convection under the NV scenario. However, it can be observed in Figure 3-4a, 

the discrepancy between the pair of experiment values at the ACH of 2 h-1 is a little 

bit high (37%). It indicates that the flow over the ceiling should be laminar at low 

ACH. Thus, the exponent m of developed correlations is the lower bound (i.e., 0.5). 

Whereas the absolute difference between the pair of values is 0.22 W/m2·K, which 

should be tolerable for the NV performance simulation in BES tools.  
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By comparing the experimental values with predicted values by the empirical 

correlation, the experimental values are smaller than those in most cases. When only 

the ceiling has thermal mass (Figure 3-4f), those two correlations overlap a lot. 

Compared to the ceiling without thermal mass (Figure 3-4g to j), the ceiling with 

thermal mass (Figure 3-4a to f) has a much greater CHTC. One reason is that the 

thermal mass offers a greater dynamic heat capacity to store and release more heat. 

Another reason should be that the thermal mass reduces the congruence of local air 

temperature and interior surface temperature, which retains a larger temperature 

difference for a longer time for the thermal mass to release more heat [48].  

For design cases that the ceiling has thermal mass (Figure 3-4a – f), the developed 

correlations are slightly different from each other. This phenomenon can also be found 

in the design cases that the ceiling does not have the thermal mass (Figure 3-4g – j). 

The reason is that other interior surface’s (i.e., floor, wall) thermal mass level lead to 

a different surface temperature that affects the radiative heat flux over the ceiling. 

Similarly, Dréau et al. [20] indicated that surfaces’ emissivity could affect the 

radiative heat transfer in the room; thus, impacting the CHTC at other individual 

surfaces. It should be noticed that the empirical correlations do not reflect this 

discrepancy since they were deduced from the isothermal and steady-state 

experiments, which almost eliminated the radiative heat transfer between interior 

surfaces. At last, it can be observed that the developed correlations for design cases 

with indoor tables (Figure 3-4b, c, d) are similar, indicating that the position of indoor 

tables has a negligible effect on the experiment CHTC at the ceiling. 
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Figure 3-4. Experimental values at the ceiling in the MV experiment [48]. 

3.3.2. CHTC AT THE FLOOR 

Figure 3-5 illustrates the experimental values at the floor, developed correlations, and 

two empirical floor correlations. The R2 of developed correlations is between 0.91 and 

0.99. The uncertainty of experimental value ranges between ± 6% and ± 10%.  

By comparing the design cases in Figure 3-5f, i, j with the remaining design cases, the 

floor with thermal mass has a quite larger CHTC than the floor without thermal mass 

under the same ACH. It indicates that the thermal mass also augments the CHTC on 

the floor. The sidewall inlet (i.e., Fisher) floor correlation predicts larger CHTC than 

the radial ceiling diffuser (i.e., Fisher & Pedersen) floor correlation when the ACH is 

the same. The reason is that the sidewall inlet (middle of a wall) delivers a free 

horizontal jet that covers a larger area of the floor than the radial ceiling diffuser and 

has a higher velocity.  

By comparing the experimental values with the empirical correlations, the sidewall 

inlet floor correlation overestimates the experimental values of design cases that the 

floor without thermal mass. However, it predicts the CHTCs of design cases with 

thermal mass relatively accurately, especially the design cases in Figure 3-5e. On the 

contrary, radial ceiling diffuser floor correlation predicts relative accurately when the 

floor has thermal mass but underestimates the CHTCs when floor without thermal 

mass. The correlations of design cases with indoor tables (Figure 3-5b, c, d) are 

similar, indicates that the position of indoor tables also has a minor effect on the 

experimental CHTCs at the floor. 
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The exponent m in the developed correlations is 0.8, which indicates that the flow is 

turbulent over the floor even at the ACH of 2 h-1. Thus, the experimental values of 

design cases with different ΔT0 are almost the same at the ACH of 2 h-1 (see Figure 

3-5a), which is different from the ceiling situation. Figure 3-6 shows the ceiling and 

floor’s local air velocity contour after two hours for design case 4 in the MV 

experiment (i.e., ACH of 2 h-1, ΔT0 of 10 °C, “Ceiling + floor”). The velocity contour 

is interpolated and extrapolated based on the measured air velocities 50 mm away 

from the ceiling and floor. The red arrow signifies the direction of the airflow. It can 

be seen at the ACH of 2 h-1, the inlet jet covers a small area of the ceiling before 

evolving into a free horizontal jet downwards (Figure 3-6a). Figure 3-6b illustrates 

that the free horizontal jet directs towards the back wall and then drops down and 

sweeps over the floor towards the outlet. Due to the outlet’s location, the average air 

velocity over the floor is higher than the ceiling. Moreover, CHTCs at the floor are 

larger than the ceiling under the ACH of 2 h-1 (cf. Figure 3-5a and Figure 3-4a), which 

can also be explained by Figure 3-6.  
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Figure 3-5. Experimental values at the floor in the MV experiment [48]. 

 

Figure 3-6 Local air velocity contour of the (a) ceiling and (b) floor after two hours for design 
case 4 in the MV experiment [48]. 

3.3.3. CHTC AT WALLS 

Figure 3-7 illustrates the experimental values at the walls and two empirical wall 

correlations. The developed correlations (0.91≤R2≤0.98) are shown separately in a 

table, which can be referred to Appendix B [48]. The exponent m of all developed 

wall correlations is 0.8, indicating the turbulent flow over the walls. The uncertainty 

of experimental value at walls ranges between ± 6% and ± 10%.   

In contrast to the comparison between the two empirical floor correlations, sidewall 

inlet wall correlation (i.e., Fisher) predicts smaller values than the radial ceiling 

diffuser (i.e., Fisher & Pedersen) wall correlation when the ACH is the same. The 

reason is that the radial jet skims over more areas of walls than the free horizontal jet. 

The two empirical wall correlations give accurate CHTCs for specific cases. For 

example, the ceiling diffuser wall correlation predicts the CHTC at the back wall 

(Figure 3-7c) quite well. In comparison, sidewall inlet wall correlation can be used to 

predict the CHTCs at the front wall and left wall of design cases with the 

“Ceiling+Floor+Right wall” scheme (Figure 3-7a, d).  
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As shown in Figure 3-7b, the right wall with thermal mass has almost twice the 

experimental values compared to the right wall without thermal mass. As a result of 

the air distribution characteristic (cf. Figure 3-6), the CHTCs at the back wall are 

highest, followed by the right wall. The CHTCs at the front wall and left wall are 

similar. The presence and position of indoor tables have a limited impact on the 

experimental values at walls. 

   

 

Figure 3-7. Experimental values at (a) front, (b) right, (c) back, (d) left walls in the MV 
experiment [48]. 

3.3.4. CHTC AT TABLES 

The empirical floor correlations are selected for the comparison because there are no 

correlations specific to indoor tables, and the furniture is treated as the upward-facing 

and horizontal surface in BES tools [21]. Figure 3-8 illustrates the experimental values 

at the tables, developed correlations, and two empirical floor correlations. The 

uncertainty of experimental value ranges between ± 4% and ± 9%. 

Unlike the sidewall inlet floor correlation (i.e., Fisher) underestimates all 

experimental values, the radial ceiling diffuser (i.e., Fisher & Pedersen) floor 

correlation gives relative accurate results for many design cases. Due to the various 
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air distributions, each table’s two surfaces have different experimental values. The 

CHTC at the indoor table surface is impacted differently by the position of indoor 

tables and air distribution. For example, the upward-facing surface of indoor table 2 

has quite different values at three positions, while the opposite is true for the 

downward-facing surface of indoor table 3.  

Interestingly, indoor tables’ upward-facing surfaces have a larger CHTC at the ACH 

of 2 h-1 than at other ACHs, particularly for indoor tables located in “Table(a)” (i.e., 

in the middle of the room, cf. Figure 3-3). The reason is that the inlet flow sweeps 

through the ceiling and falls right down to those upward-facing surfaces at the ACH 

of 2 h-1 (cf. Figure 3-6a). Therefore, the experimental values at “Table(a)” position 

under the ACH of 2 h-1 are not included in the correlation development.  
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Figure 3-8. Experimental values at table surfaces in the MV experiment [48]. 

3.4. EXPERIMENTAL RESULTS OF DIFFUSE CEILING 
VENTILATION 

The empirical correlations listed in Table 3-1 and Table 3-2 are also selected for 

comparison in the DCV experiment. In addition, the correlation developed by 

Novoselac et al. [57] for the floor (ℎ =  0.48𝐴𝐶𝐻0.8) with a displacement ventilation 

(DV) diffuser is selected for comparison. Because a DV effect was found in the 

occupied zone when the internal heat load was low under the DCV scenario [58]. 

Unlike the MV experiment, the supply reference temperature for deriving the CHTC 

under the DCV is the mean air temperature calculated and measured by the nine 

shielding ventilated thermocouples 50 mm above the suspended diffuse ceiling. It is 

worth noting that the correlation for the diffuse ceiling is not developed due to the two 

reasons below. The first is that the conductive and convective heat transfer fluxes over 

the diffuse ceiling are partly converted into radiative heat transfer flux in the porous 

wood-cement material [31], making it difficult to derive the convective heat flux 

accurately. The second is that the dynamic heat capacity and heat capacitance of the 
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diffuse ceiling are very low, which has a negligible effect on the whole space’s energy 

use. The CHTC correlation for the suspended ceiling panel under DCV will be 

investigated using BES tools by comparing the measured and simulated data in the 

subsequent Chapter 5.  

3.4.1. CHTC AT THE FLOOR 

Figure 3-9 illustrates the experimental values at the floor, developed correlations, and 

three empirical floor correlations. The R2 of developed correlations is between 0.90 

and 0.94. The uncertainty of experimental value ranges between ± 6% and ± 10%. 

Same with the MV experiment, there are initial trails for some design cases with two 

different ΔT0 under the same ACH. In Figure 3-9a, b, c, f, those experimental values 

under the same ACH are close, indicating that ΔT0 also has a negligible effect on the 

experimental CHTCs at the floor.  

By comparing the three empirical floor correlations, the DV diffuser (i.e., Novoselac 

et al.) floor correlation predicts the highest CHTC, followed by the sidewall inlet (i.e., 

Fisher) and radial ceiling diffuser (i.e., Fisher & Pedersen) floor correlations. This is 

because the DV diffuser is located on the floor to supply an inlet jet that sweeps over 

a larger area of the floor than the inlet jets. The sidewall inlet floor correlation gives 

quite accurate results for the design cases that the floor has thermal mass. When the 

floor has no thermal mass, the radial ceiling diffuser floor correlation predicts the 

CHTC relatively well. Furthermore, by comparing the experimental values of design 

cases with and without indoor tables, it turns out that the presence and positions of 

indoor tables have a negligible influence on the experimental values. 

    

   

Figure 3-9. Experimental values at the floor in the DCV experiment [49]. 
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3.4.2. CHTC AT WALLS 

Figure 3-10 illustrates the experimental values at walls and two empirical wall 

correlations. The uncertainty of experimental value ranges between ± 5% and ± 10%.  

Sidewall inlet (i.e., Fisher’s) wall correlation gives larger CHTC at walls fits with the 

experimental values relatively better than the radial ceiling diffuser (i.e., Fisher & 

Pedersen’s) wall correlation. The experimental values at four walls at the same ACH 

are close since the air is relatively uniformly distributed under DCV. Nevertheless, 

the CHTCs at the front wall are slightly larger than at the other three walls for most 

cases due to the outlet’s location is in the front wall. Figure 3-11 shows the front wall’s 

local air velocity contour after two hours for design case 1 in the DCV experiment 

(i.e., ACH of 10 h-1, ΔT0 of 10 °C, “Floor”). The velocity contour is interpolated and 

extrapolated using the measured nine local air velocity 50 mm away from the front 

wall by the hot sphere anemometers, which backs up the reasons mentioned above. 

Figure 3-10b shows that the thermal mass also increases the CHTC at the right wall.  

For design cases without indoor tables, the pair of experimental values with two ΔT0 

is close. The corresponding developed correlations (0.91≤R2 ≤0.95) for those design 

cases are listed in Table 3-3. The presence and position of indoor tables impact the 

experimental values at walls to some extent. Thus, for design tables with indoor tables, 

two ΔT0 under the ACH of 10 h-1 contributes to a relatively large difference up to 0.5 

W/m2·K (see “Floor+Table(b)” in Figure 3-12a) between the corresponding pair of 

experimental values. The reason should be that the indoor tables change the direction 

of the airflow that should have been flowing downwards, causing it to turn towards a 

nearby wall and a change in the airflow pattern at different supply temperatures. 

Therefore, the developed correlations for the design cases with the same position of 

indoor tables have a small R2 as low as 0.47. It might be difficult to accurately predict 

the CHTC at walls under high ACH when indoor tables present.  

An alternative approach is to derive the correlations for walls based on all the 

experimental values without taking into account the indoor tables’ position. Then the 

“simplified” correlations (0.49≤R2≤0.79) are developed using the same curve fitting 

method. The correlations are shown as the solid red lines in Figure 3-10. The root 

mean squared error (RMSE) between the experimental and predicted (by simplified 

wall correlations) values ranges between 0.06 W/m2·K and 0.12 W/m2·K, which 

should be tolerable for the NV performance simulation in BES tools. 
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Figure 3-10. Experimental values at (a) front, (b) right, (c) back, (d) left walls in the DCV 
experiment [49]. 

 

Figure 3-11 Local air velocity over the front wall after two hours for design case 1 in the 
DCV experiment [49]. 

Outlet

m/s
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Table 3-3 Developed wall correlations under DCV [49]. 

Thermal mass 

distribution 

Front wall Right wall Back wall Left wall 

Floor 0.14 + 0.08𝐴𝐶𝐻0.8 

 

0.01 + 0.15𝐴𝐶𝐻0.8 −0.04
+ 0.12𝐴𝐶𝐻0.5 

0.03 + 0.06𝐴𝐶𝐻0.8 

 

Not installed 0.14 + 0.12𝐴𝐶𝐻0.5 −0.1 + 0.08𝐴𝐶𝐻0.8 −0.15
+ 0.07𝐴𝐶𝐻0.8 

−0.2 + 0.08𝐴𝐶𝐻0.8 

 

3.4.3. CHTC AT TABLES 

Figure 3-12 illustrates the experimental values at tables, developed correlations. The 

uncertainty of experimental value ranges between ± 7% and ± 12%. Same as the 

comparison for the CHTC at tables in the MV experiment, the two empirical floor 

correlations (cf. Table 3-1 and Table 3-2) as well as the DV diffuser floor (i.e., 

Novoselac et al.) correlation, are selected for comparison. The radial ceiling diffuser 

(i.e., Fisher & Pedersen) floor correlation gives relatively accurate results for the 

upward-facing surfaces of indoor tables. All empirical correlations vastly 

overestimate the CHTC at downward-facing surfaces of indoor tables.  

The CHTCs at the table upward-facing surfaces are much larger than the downward-

facing surfaces under the same ACH. This is because the inlet jet from the suspended 

ceiling first pours down towards the upward-facing surfaces and flows over them, 

while the downward-facing surfaces are relatively unaffected by the jet.  

Same with the situation of experimental CHTCs at walls, it is difficult to develop the 

correlations with a high R2 (more than 0.90) for each position of indoor tables. The 

“simplified” correlations are then developed for the upward-facing and downward-

facing surfaces rather than taking into account the position of indoor tables. Table 3-4 

shows the simplified correlations for tables. The RMSE between the experimental and 

predicted (by simplified table correlations) values ranges between 0.13 W/m2·K and 

0.21 W/m2·K, which should be tolerable for the NV performance simulation in BES 

tools. 
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Figure 3-12. Experimental values at table surfaces in the DCV experiment [49]. 

Table 3-4. Developed table correlations under DCV [49]. 

Table surface Correlation 

Upward-facing  0.11 + 0.19𝐴𝐶𝐻0.65 

Downward-facing  −0.21 + 0.1𝐴𝐶𝐻0.65 

 

3.5. DEVELOPMENT OF SIMPLIFIED CHTC CORRELATIONS 

The CHTC correlations developed in Sections 3.3 and 3.4 are expected to be adopted 

in BES tools to simulate NV performance. The developed correlations for all interior 

surfaces in MV and the floor under DCV are based on the explicit thermal mass 

distribution schemes, which might be complicated for simulation. Even though the 

CHTC at any one interior surface can be affected somewhat by the other surfaces’ 

conditions, it would be easier to develop the “simplified” correlation for one surface 

only with the criteria of whether or not this surface has thermal mass for BES. Thus, 

the “simplified” CHTC correlations for interior surface are developed using the same 

curve fitting method mentioned in Section 3.3.1 and the corresponding experimental 

values, as shown in Table 3-5 and Table 3-6. The R2 of those simplified correlations 

is between 0.82 and 0.96, which should be tolerable. In combination with the 

correlations for indoor tables under MV (cf. Figure 3-7) and DCV (cf. Table 3-4), the 

simplified correlations offer the possibility of studying more thermal mass distribution 

schemes. 
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Table 3-5. Simplified CHTC correlations for interior surfaces under NV with MV. 

With 

thermal 

mass or not 

Ceiling Floor Front wall Right wall Back wall Left wall 

Yes -

0.94+1.0

7ACH0.5 

0.36+0.28AC

H0.8 

- 0.13+0.12AC

H0.8 

- - 

No -

1.17+0.9

2ACH0.5 

0.2+0.06ACH
0.8 

-

0.01+0.1AC

H0.8 

0.46+0.22AC

H0.8 

-

0.41+0.55AC

H0.5 

0.07+0.08AC

H0.8 

 

Table 3-6. Simplified CHTC correlations for interior surfaces under NV with DCV. 

With 

thermal 

mass or not 

Floor Front wall Right wall Back wall Left wall 

Yes 0.67+0.17ACH0.8 - - - - 

No 0.11+0.08ACH0.8 0.1+0.15ACH0.5 -

0.11+0.17ACH0.5 

-

0.08+0.08ACH0.8 

-

0.07+0.08ACH0.8 

 

3.6. CONCLUSION 

MV and DCV are integrated with NV to experimentally investigate the convective 

heat transfer under different supply temperatures, ACHs, and thermal mass 

distribution schemes. The surface-averaged CHTCs at the test room’s interior surfaces 

and indoor tables (furniture) are calculated based on the supply reference temperature. 

The derived CHTCs are then used to develop the CHTC correlations specific to NV 

and compared with predicted CHTC by existing empirical CHTC correlations.  

The empirical correlations cannot predict the CHTC accurately for most design cases 

[48][49]. The CHTC at a surface can be greatly augmented with the increase of 

thermal mass level and can be somewhat affected by the thermal mass distribution of 

other surfaces. The simplified correlation for the interior surface is also developed 

only with the criteria of whether or not this surface has thermal mass.  

For MV, the presence and position of indoor tables have a negligible effect on the 

CHTCs at the test room’s interior surfaces but a great impact on the CHTCs at the 

indoor table surfaces. For DCV, the conditions of indoor tables impact the CHTCs at 

walls and CHTCs at indoor table surfaces to some extent.  
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CHAPTER 4. SIMULATION AND 

OPTIMIZATION OF NIGHT 

VENTILATION PERFORMANCE 

Chapter 3 develops the CHTC correlations tailored for MV and DCV, which provides 

the potential to simulate accurately and optimize the NV performance in BES. In this 

chapter, the experimentally proposed correlations are validated in a BES tool 

(EnergyPlus) based on the experimental test conditions. Then, the performance of NV 

with MV and DCV is simulated and compared using the validated correlations in a 

real office building. Finally, the NV performance is improved using a genetic 

optimization algorithm. 

4.1. VALIDATION OF PROPOSED CORRELATIONS 

4.1.1. VALIDATION SETUP 

The guarded hot box model is built based on the experiment setup introduced in 

Section 3.1. Figure 4-1 shows the hot box model that involves the plenum (i.e., upper 

zone in the experiments), room (i.e., test room in the experiments), and guarding zone, 

and principles of MV and DCV. The hot box model’s envelope is the same as the real 

hot box in [48][49]. A variable air volume (VAV) AC system is set to supply the cold 

conditioned air to the room, while an ideal load AC systems is set to maintain the 

guarding zone temperature at 22 °C. The simulation cases have the same supply ACH, 

supply temperature, and thermal mass distribution as the experimental design cases in 

[48][49].  

 

Figure 4-1. (a) Vertical perspective drawing of the hot box model, (b) MV principle, and (c) 
DCV principle [59]. 

The mean bias error (MBE) in Equation (4-1) is selected as the indicator for CHTC 

correlation validation by comparing the simulated surface temperatures with 

measured surface temperatures.  
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MBE (%) =
∑ (𝑚𝑗−𝑠𝑗)

𝑁𝑝
𝑗=1

∑ (𝑚𝑗)
𝑁p
𝑗=1

                                        (4-1) 

where 𝑚𝑗  and 𝑠𝑗  are the measured and simulated data points for each model instance𝑖, 

respectively. 𝑁𝑝 is the number of data points at interval p.  

It is worth noting that before validating the CHTC correlations for DCV, the CHTC 

correlations for the surfaces in the plenum and diffuse ceiling need to be identified or 

developed. For the plenum, the existing empirical convection algorithms (i.e., a set of 

CHTC correlations) in EnergyPlus are selected one after the other to identify the 

appropriate one that provides the minimum MBE between the simulated and measured 

plenum air temperature. Design cases 1 to 6 of the DCV experiment are selected 

because all ranges of supply ACH and supply temperatures are included. The existing 

empirical correlations embedded in EnergyPlus might not be applicable for the 

suspended diffuse ceiling since the air exchange between adjacent zones is modeled 

as the convection in BES tools [21]. We assume the general form of CHTC correlation 

(cf. Equation (3-2)) is also applicable to the diffuse ceiling. The optimization with the 

genetic algorithm is then adopted by coupling MATLAB with EnergyPlus to develop 

the correlation to minimize the objective. The sum of the absolute value of MBE (see 

Equation (4-2)) between the simulated and measured diffuse ceiling temperature of 

six selected design cases is the objective for optimization.   

min ∑ |𝑀𝐵𝐸𝑖|
6
𝑘=1                                                     (4-2) 

After the models are constructed in EnergyPlus, the proposed CHTC correlations 

summarized in Section 3.5 are set for the corresponding interior surfaces, and the 

design cases are simulated in EnergyPlus. For more detailed information about the 

validation setup in EnergyPlus, please refer to Appendix E [59].  

4.1.2. VALIDATION RESULTS 

After simulating the design cases and comparing the measured data with simulated 

data, it is found that the ceiling diffuser convection algorithm is suitable for the 

plenum under DCV, which provides the minimum MBE with an average absolute 

value of 1.1% between the measured and simulated plenum air temperatures. The 

CHTC correlation (-2.23ACH0.75+2.37) developed by the genetic algorithm offers the 

minimum MBE with an average absolute value of 2.8% between the measured and 

simulated diffuser ceiling temperatures. Figure 4-2 shows the measured and simulated 

temperatures under the correlation mentioned above, demonstrating the good 

agreement between those temperatures. The “m” and “s” in the legends of Figure 4-2 

represent the measured and simulated data, respectively.  
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Figure 4-2 Measured and simulated (a) plenum air temperature and (b) diffuse ceiling 
temperature for design case 1 to 6 in DCV experiment [59]. 

Figure 4-3 shows the boxplot of the MBE between simulated and measured surface 

temperatures with the proposed correlations. The MBE ranges between -0.5% and 

10.9% for all simulation cases, demonstrating that the proposed correlations are 

applicable for predicting the surface temperature in BES.  

  

Figure 4-3 MBE between simulated and measured surface temperatures under NV with (a) 
MV and (b) DCV [59]. 

4.2. SIMULATION OF NIGHT VENTILATION PERFORMANCE 

4.2.1. SIMULATION SETUP 

The office building introduced in Section 2.2.1 is selected. However, the case room 

in this section is zone 1NC (see Figure 4-4), a typical room located on the building’s 

middle floor. The case room has the same size as the plenum and room model (without 

guarding zone) mentioned in Section 4.1.1. The exterior wall facing north is the “front 

wall” (cf. Figure 4-1) with an energy-efficient window (area 1.44 m2) introduced in 

[44]. Adiabatic boundary conditions are also set for the internal partitions between 

zone 1NC and adjacent zones.  
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Figure 4-4. Layout of case room 1NC. 

The VAV fan in the VAV AC system also serves the night mechanical ventilation 

system. A general NV scheme with the ACH setpoint of 10 h-1, minimum indoor 

temperature setpoint of 18 °C, and activation threshold temperature of 3 °C is adopted.  

The TMY3 data of Copenhagen (cf. Figure 2-2a) in summer is used as the weather 

inputs for simulation. The reasons why this cooling system is selected are twofold: (1) 

prior studies [44][60] indicated that the daytime AC and NV system could result in an 

overcooling penalty in the cold climate regions, leading to a larger potential for 

simulation and optimization research. (2) BES tools currently only allow users to set 

the custom CHTC correlations with supply reference temperature for mechanical 

cooling, limiting the application of validated correlations in night natural ventilation. 

The same thermal mass distribution schemes for MV and DCV should be selected as 

the simulation cases for comparison. According to the thermal mass distribution 

schemes of design cases for DCV [49], “Not installed”, “Floor”, “Floor+Table” 

schemes are selected.  

When AC operates during the daytime, we assume that AC’s supply outlet to the room 

is a radial diffuser. Therefore, the ceiling diffuser convection algorithm (cf. Table 3-1) 

is adopted for the room during the daytime, while the validated and identified 

correlations in Section 4.2 are adopted during the nighttime. Furthermore, to evaluate 

NV performance discrepancy between validated correlations and previous empirical 

correlations, the reformulated ceiling diffuser algorithm embedded in EnergyPlus [21] 

is selected both all the day as the comparison simulation case. It is worth noting that 

the reformulated correlations are based on the exhaust (indoor) temperature for a fully 

mixed room in EnergyPlus, as shown in Table 4-1. For more detailed information 

about the simulation setup, please refer to Appendix E [59].  

Table 4-1. Reformulated ceiling diffuser convection algorithm in EnergyPlus [21]. 

Surface type Correlations 

Ceiling ℎ =  1.012𝐴𝐶𝐻0.604 + 1.208 

Floor ℎ =  0.082𝐴𝐶𝐻0.98 + 3.873 

Walls ℎ = 4.099𝐴𝐶𝐻0.503 + 2.234 
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4.2.2. SIMULATION RESULTS 

Figure 4-5 shows the simulated HVAC electricity use and percentage outside the 

range (POR) during the working hours of MV cases. The Fanger’s thermal comfort 

model [61] is applied in POR.  

For the cases shown in  Figure 4-5a, the night cooling saves HVAC electricity use by 

8.2 kWh (16.0%) to 13.7 kWh (26.0%) but increases the POR by 2.6% – 9.4% 

compared to the corresponding cases without NV. The POR of most cases is over 

10%, indicating that the general NV scheme could result in an overcooling penalty. 

For cases shown in Figure 4-5b, NV reduces HVAC electricity use by 4.1 kWh (8.0%) 

– 8.2 kWh (15.3%) but increases the POR by 2.4% – 6.4%. The ceiling diffuser 

algorithm overestimates the night energy-saving potential by 4.1 kWh (8.0%) – 5.5 

kWh (10.7%) and yields a difference in POR between -0.9% and 1.5%, compared to 

the validated CHTC correlations for MV. The reason causes the prediction 

discrepancy should be that the validated correlations induce a smaller night ACH. By 

comparing the night cooled MV cases, it is found that NV saves the most energy and 

provides the highest POR when the floor has thermal mass and indoor tables present, 

and the opposite is true for the case without thermal mass. A higher thermal mass 

contributes to more energy-saving potential but worsens indoor thermal comfort.  

 

Figure 4-5. HVAC electricity use and POR of MV cases with (a) ceiling diffuser algorithm 
and (b) validated correlations at night [59]. 

Figure 4-6 shows the simulated results of DCV cases. For the cases shown in Figure 

4-6a, NV saves HVAC electricity use by 11.8 kWh (20.9%) to 16.8 kWh (29.6%) but 

raises the POR by 1.7% – 6.4%, compared to respective cases without NV. Whereas 

in Figure 4-6b, NV cuts the cooling energy by 7.5 kWh (13.4%) to 10.9 kWh (19.0%), 
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while the POR rises by 1.7% – 3.8%. The ceiling diffuser algorithm overestimates the 

night energy-saving potential by 4.3 kWh (7.5%) to 5.9 kWh (10.6%) and yields a 

difference in POR between -0.9% – 1.3%, compared to the validated CHTC 

correlations for DCV.  

 

Figure 4-6 HVAC electricity use and POR of DCV cases with (a) ceiling diffuser algorithm 
and (b) validated correlations at night [59]. 

For the conditioned room without NV, DCV consumes 4.0 kWh – 4.8 kWh more 

cooling energy than MV (cf. Figure 4-5b, Figure 4-6b) due to the internal heat load in 

the plenum is taken by the HVAC system with DCV. On the contrary, night cooling 

with DCV saves 2.7 kWh to 3.4 kWh more HVAC electricity than that with MV. This 

is because the plenum is also cooled down by the outdoor air at night, which can be a 

cooling source for the room during the daytime. Apart from the energy performance, 

the DCV contributes to a lower POR of 0.9% – 3.1% compared to MV, especially 

under the NV scenario. The reasons are twofold: (1) The air velocity under DCV in 

the occupied zone (0.08 m/s) is smaller than the velocity (0.2 m/s) under MV. (2) 

Night cooling with DCV cools down both the plenum and room, resulting in relatively 

high indoor temperatures and a small overcooling penalty, compared to the same case 

with MV. 
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4.3. OPTIMIZATION OF NIGHT VENTILATION PERFORMANCE 

4.3.1. OPTIMIZATION SETUP 

The simulation results in Section 4.2 reveal that the general NV scheme reduces 

cooling energy use and increases POR in Copenhagen. The optimization is adopted to 

save more cooling energy while maintaining thermal comfort within a certain range 

[60]. The optimization problem is the single objective with a single constraint type. 

The objective is to minimize the HVAC electricity use (Equations (4-3)), and the 

recommended category II of PPD (<10%) in EN 15251 [43] for designing the 

buildings with mechanical cooling is selected as the constraint (Equations (4-4)).  

min    𝐻𝑉𝐴𝐶 𝑒𝑙𝑒𝑐𝑡𝑟𝑐𝑖𝑡𝑦 𝑢𝑠𝑒                                    (4-3) 

subject to    𝑃𝑂𝑅 < 10%                                          (4-4) 

The genetic algorithm is also leveraged to minimize the objective and fulfill the 

constraint by integrating MALAB with EnergyPlus. The MV and DCV cases without 

thermal mass distribution (i.e., ‘Not installed’) are selected as the base cases. Four 

parameters are optimized: NV hourly ACH setpoint, minimum indoor temperature 

setpoint, AC temperature setpoint, and thermal mass level. For more detailed 

information about the optimization setup in EnergyPlus and MATLAB, please refer 

to Appendix E [59]. 

4.3.2. OPTIMIZATION RESULTS 

Figure 4-7 shows the parameters of the optimal cases as well as the base cases with a 

general NV scheme. Both the optimal MV and DCV cases have the respective 

maximum thermal mass level and have the maximum allowed temperature setpoint 

(i.e., 27 °C) for daytime AC. The optimal DCV case has a lower minimum indoor air 

temperature setpoint (i.e., 16 °C) than MV. The two optimal cases’ hourly night ACH 

setpoints vary significantly and are smaller than the general NV scheme (i.e., 10 h-1).  
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Figure 4-7 Parameters of the optimal cases and base cases [59]. 

Figure 4-8 shows the simulated results of relevant simulation cases. Compared with 

the respective base cases (i.e., without thermal mass and NV), the optimal MV and 

DCV case can significantly save energy use by 14.4 kWh (27.6%) and 17.3 kWh 

(30.7%), respectively, while maintaining the POR within 10%. The performance of 

DCV improves more after the optimization.  

Compared to the base cases with the general NV scheme, optimal cases can further 

save energy by 9.7 kWh (20.5%) for MV and 17.3 kWh (20.1%) for DCV, 

respectively. The MV and DCV cases under the respective maximum thermal mass 

levels with the general NV scheme both save the cooling energy but lead to a cold 

thermal environment compared to respective base cases. Then optimization not only 

improves the thermal comfort by reducing the POR but also goes on saving the HVAC 

electricity use by 5.3 kWh (12.3%) for MV and 7.3 kWh (15.8%) for DCV.  
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Figure 4-8 Simulated HVAC electricity use and POR of relevant simulation cases [59]. 

4.4. CONCLUSION 

This chapter puts forward a systematic approach using EnergyPlus to i) validate the 

experimentally proposed CHTC correlations, ii) identify and develop the suitable 

correlations for the surfaces in the plenum and diffuse ceiling under DCV, iii) 

simulate, and iv) optimize the NV performance with MV and DCV considering the 

energy and thermal comfort.   

The MBE between the simulated and measured temperatures of interior surfaces and 

indoor tables ranges between -0.5% and 10.9% when the proposed correlations are 

adopted. The ceiling diffuser convection algorithm is suitable for the plenum under 

DCV, which provides the minimum MBE with an average absolute value of 1.1% 

between the measured and simulated plenum air temperatures. The developed 

correlation for the diffuse ceiling offers an MBE with an average absolute value of 

2.8% between the simulated and measured diffuse ceiling temperature. 

For the conditioned room without NV, DCV consumes 4.0 kWh (7.5%) to 4.8 kWh 

(9.3%) more HVAC electricity than MV. A general night cooling scheme with DCV 

offers a larger energy-saving potential and better indoor thermal comfort, saving more 

HVAC electricity by 2.7 kWh – 3.4 kWh and contributing to a lower POR of 0.9% – 

3.1% than that with MV.  

Compared to the validated correlations, the empirical ceiling diffuser convection 

algorithm overestimates NV energy-saving potential up to 10.6% for MV and 10.7% 

for DCV, respectively. Moreover, the empirical algorithm yields a difference in POR 

up to 1.5% for MV and 1.3% for DCV, respectively.  
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Optimal MV and DCV cases show that the thermal mass and AC cooling setpoints 

should be as high as possible. The optimal DCV case allows a lower minimum indoor 

temperature setpoint than the optimal MV case. The hourly night ACH setpoints of 

optimal cases fluctuate significantly and are smaller than the general NV scheme. 

Compared with the respective base cases, the optimal MV and DCV case can 

significantly save energy use by 14.4 kWh (27.6%) and 17.3 kWh (30.7%), 

respectively, while maintaining the POR less than 10%. The performance of DCV 

improves more after the optimization. 
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CHAPTER 5. CONCLUSIONS OF THE 

THESIS 

This thesis proposes a holistic method integrating sensitivity analysis, full-scale 

experiment, building energy simulation, and optimization to accurately simulate and 

improve night ventilation (NV) performance. The results are expected to support a 

more efficient design and wider application of NV. 

The NV performance indicators are firstly reviewed and categorized into four types: 

(1) heat removal effectiveness, (2) energy efficiency, (3) reduction in cooling energy 

use, and (4) thermal comfort improvement [44]. The influence of design parameters 

on the performance indicators depends significantly on the climatic conditions and 

NV principles [44]. The four most influential design parameters are window-wall 

ratio, internal CHTC, internal thermal mass level, and night ACH [44]. The building 

airtightness, internal heat gains, external thermal mass, and NV activation threshold 

temperature are influential for a few performance indicators under certain scenarios 

[44]. The building orientation and discharge coefficient of the opening have negligible 

influences on all performance indicators.  

There are limitations and disadvantages to some performance indicators. The 

temperature efficiency (TE) is only applicable to compare the NV performance under 

the same ACH scenario directly, and the decrement factor (DF) is suitable for 

evaluating different NV systems with the same building parameters. The temperature 

difference ratio (TDR) is only suitable to compare the NV performance under the 

same climate condition. The coefficient of performance (COP) is only applicable to 

evaluate the ventilation energy efficiency during the nighttime. Weighted discomfort 

temperature index (DI) and degree-hours criterion (DhC) might be simplistic with the 

thermal comfort threshold temperature and not demonstrate thermal comfort 

intuitively without comparison. In summary, ventilative cooling advantage (ADV), 

cooling requirement reduction (CRR), and percentage outside the range (POR) are 

recommended [44]. 

After experimentally investigating the convective heat transfer for mixing ventilation 

(MV) and diffuser ceiling ventilation (DCV) under the NV scenario, the new CHTC 

correlations are developed based on the experimental surface-averaged CHTCs 

(supply reference temperature) at interior surfaces and indoor tables (furniture). 

Comparing the experimental CHTC with values predicted by empirical correlations 

shows that the CHTC for most design cases cannot be precisely predicted by empirical 

correlations. Increasing any surface thermal mass level can significantly enhance the 

CHTC at this surface. Moreover, the CHTC at any surface can be affected somewhat 

by other surfaces' thermal mass distribution. For MV, the presence and position of 

indoor tables have a negligible effect on the CHTCs at the test room’s interior surfaces 
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but a great effect on the CHTCs at the indoor table surfaces. For DCV, the presence 

and position of indoor tables impact the CHTCs at walls, and indoor table surfaces to 

some extent. 

The developed correlations are then validated using a building energy simulation tool. 

For night cooling with DCV, the ceiling diffuser convection algorithm is appropriate 

to predict the plenum air temperature accurately. In addition, the CHTC correlation 

for the diffuse ceiling is developed using genetic algorithm optimization.   

For the conditioned room without NV, DCV consumes 4.0 kWh to 4.8 kWh more 

HVAC electricity than MV. When a general NV scheme is adopted, the DCV provides 

a greater energy-saving potential and better indoor thermal comfort. It saves HVAC 

electricity use by up to 3.4 kWh and contributing to a lower percentage outside the 

range (POR) during working hours up to 3.1% than night cooling with MV. The 

empirical ceiling diffuser convection algorithm overestimates NV energy-saving 

potential up to 10.6% for MV and 10.7% for DCV, respectively. Moreover, the 

empirical algorithm results in a discrepancy of POR up to 1.5% for MV and 1.3% for 

DCV, respectively.  

Optimal MV and DCV cases show that the thermal mass and AC cooling setpoints 

should be as high as possible. The optimal DCV case allows a lower minimum indoor 

temperature setpoint than the optimal MV case. The hourly night ACH setpoints of 

optimal cases fluctuate significantly and are smaller than the general NV scheme. 

Compared with the respective base cases, optimization can significantly save energy 

use by 14.4 kWh (27.6%) for MV and 17.3 kWh (30.7%) for DCV, respectively, while 

maintaining the POR less than 10%. The performance of DCV improves more after 

the optimization. 
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CHAPTER 6. RECOMMENDATION FOR 

FUTURE WORK 

Despite the promising findings of this thesis, further investigation is required to 

leverage night ventilation fully. 

In the present experiments, only one thermal mass material is investigated. The 

relationship between the dynamic heat capacity of materials and CHTC at the material 

surface needs further study, especially the phase change material (PCM). It is worth 

studying the applicability of developed correlation in other enclosure dimensions by 

a real office room experiment. 

The current correlations select the supply reference temperature. However, most of 

the current building energy simulation tools only allow users to set custom 

correlations for mechanical cooling, limiting the application of those correlations in 

natural ventilation. One way is to use other tools like the Modelica language, which 

may provide a more flexible way to set the custom correlations for CHTC calculation 

or contact the developer of EnergyPlus to report this issue. Another way is to validate 

the correlations using computational fluid dynamics (CFD) and develop other 

correlations by selecting the calculated (by the CFD model) indoor temperature as 

reference. Moreover, the impact of the room’s height or plenum’s height on night 

cooling performance with DCV needs further simulation or experiment research. 

The optimization in this thesis selects the typical meteorological year (TMY3) data in 

the summer of Copenhagen, which can be expanded to other climate regions and other 

mechanical cooling systems. Furthermore, whether the optimal NV design is resilient 

under extreme weather conditions or predicted weather conditions in the future is 

interesting. Finally, the model predictive control based on validated correlations for 

night cooling control is another research direction. 
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A B S T R A C T

Overheating and energy-extensive consumption in buildings, especially in office buildings, are emerging chal-
lenges. Night ventilation (NV) is a promising technique. The performance of NV can be evaluated by a series of
performance indicators. As many design parameters affect those indicators, it is beneficial to choose suitable
indicators and identify the most important design parameters to develop more efficient design solutions at the
early design stage. Sensitivity analysis makes it possible to identify the most important design parameters in
relation to NV performance and to focus design and optimization of NV on these fewer, but most important,
parameters. A holistic approach integrating sensitivity analysis and parametric simulation analysis is developed
to explore the key design parameters on night cooling performance indicators and evaluate the applicability and
limitations of those indicators. The results show that the climatic conditions and NV modes strongly affect the
influence of design parameters on the performance indicators. The window-wall ratio, internal thermal mass
level, internal convective heat transfer coefficient, and night mechanical air change rate are the most important
design parameters. The indicators of ventilative cooling advantage, cooling requirement reduction, and per-
centage outside the range are recommended for the night cooling performance evaluation.

1. Introduction

During the last decades, there has been a trend of increasing cooling
demand in buildings. This has especially been the case for commercial
buildings, where high internal loads in combination with high solar
gains through extensive glazing have led to considerable cooling loads,
even in moderate and cold climates (Artmann, Manz, & Heiselberg,
2008). An additional rise of the cooling demand is caused by global
climate warming, which is expected to increase summertime tempera-
tures significantly (Artmann, Gyalistras, Manz, & Heiselberg, 2008;
Artmann, Manz, & Heiselberg, 2007). Night ventilation is a promising
way to alleviate or solve the foregoing problem. The basic concept is to
utilize the relatively low-temperature ambient air during the night time
by the natural or mechanical ventilation systems to cool down the in-
door air as well as the building construction components to provide a
heat sink for the following day (Belmonte, Eguía, Molina, & Almendros-
Ibáñez, 2015; Santamouris, Santamouris, & Asimakopoulos, 1996).

Numerous night cooling projects have been successfully undertaken
in the past decades (Geros, Santamouris, Tsangrasoulis, & Guarracino,
1999; Ji et al., 2018; Solgi, Hamedani, Fernando, Skates, & Orji, 2018;
Stritih et al., 2018; Wang, Yi, & Gao, 2009). Despite the simplicity of the
concept, architects and engineers are hesitant to apply this low-energy

technology (Breesch, Bossaer, & Janssens, 2005). One reason is that the
efficiency of night-time cooling is affected by many parameters, which
makes the performance predictions uncertain. Another reason is that
there are many different performance indicators used for night venti-
lation design and evaluation, which confuse designers. Some of these
indicators focus on temperature performance, others evaluate the en-
ergy balance, and several of them pay attention to thermal comfort. The
heat removal effectiveness of night ventilation is evaluated by the
temperature performance of the building and its relationship to the
outdoor temperature profile. Several researchers have proposed dif-
ferent indicators for heat removal, including ventilation effectiveness
for heat removal (Awbi & Gan, 1993), temperature efficiency (Artmann,
Jensen, Manz, & Heiselberg, 2010), temperature difference ratio
(Givoni, 1992), decrement factor, and daily time lag (Gagliano, Patania,
Nocera, & Signorello, 2014). The energy efficiency of night ventilation
is evaluated by the ratio of ventilation energy saving and ventilation
equipment energy use. The indicators for energy efficiency proposed by
researchers are the coefficient of performance (Pfafferott, Herkel, &
Jäschke, 2003), potential energy efficiency index (Blondeau, Spérandio,
& Allard, 1997), ventilative cooling advantage, cooling requirement
reduction (O’Donnavan et al., 2018), etc. For thermal comfort evalua-
tion when applying night ventilation, there are indicators like the
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degree-hours criterion (Artmann, Manz et al., 2008) and the weighted
discomfort temperature index (Corgnati & Kindinis, 2007). Some of the
indicators are independent of each other, others have a different level of
dependency between each other. It is necessary to choose multiple in-
dicators to have an overall evaluation of the night ventilation perfor-
mance.

Sensitivity analysis is a useful tool to identify the most important
parameters for the building design and energy analysis (Tian, 2013).
The methods for sensitivity analysis can be sorted into local sensitivity
methods and global sensitivity methods (Saltelli, Ratto, Tarantola, &
Campolongo, 2005). Local sensitivity analysis is based on only varying
one design parameter at a time, while the global sensitivity analysis is
based on changing all the design parameters at the same time (Mara &
Tarantola, 2008). Therefore, the global method is more reliable but
with a high computational calculation effort compared to the local
method. Both local (Firth, Lomas, & Wright, 2010; Lam, Wan, & Yang,
2008; Lomas & Eppel, 1992; Petersen & Svendsen, 2010) and global
methods (Breesch & Janssens, 2010; Goethals, Breesch, & Janssens,
2011; Heiselberg et al., 2009; Hopfe & Hensen, 2011; Hygh, DeCarolis,
Hill, & Ranji Ranjithan, 2012) have been widely used in investigating
the most important variables related to building energy performance.
Among those, few research are about night ventilation performance.
Artmann, Manz et al. (2008) conducted a local sensitivity analysis to
investigate the most influential design parameters for night mechanical
ventilation in an office room located in a moderate climatic location
with the indicator of the number of overheat degree hours. The con-
clusion was that the climatic conditions and air flow rate at night-time
were the most important parameters. Finn, Connolly, and Kenny (2007)
examined the design and operational parameters in a night ventilated
library building located in a maritime type climate. The result showed
the building mass as the most significant parameter, followed by the
internal heat gains and night air flow rates. Breesch and Janssens
(2010), Breesch, Janssens, and Gameiro Da Silva (2004) analyzed the
input parameters causing the uncertainty on the thermal comfort for a
single-sided night natural ventilation in the moderate climate. The re-
sults showed that the top 3 important design parameters were the in-
ternal heat gains, the solar heat gain coefficient of the sun blinds, and
the internal convective heat transfer coefficient. Encinas and De Herde

(2013) found that for night cooling of a real estate market in a warm
climate region, the most important input parameter for summer com-
fort is solar and light transmittance of the solar protection devices,
followed by the night ventilation flow rate. Goethals et al. (2011) in-
vestigated the sensitivity of convection algorithms on the night venti-
lation performance, showing that the selection of the convection algo-
rithm strongly affects the energy and thermal comfort predictions. Ran
and Tang (2018) adopted the local sensitivity analysis method to in-
vestigate the influence of external wall insulation level, night ventila-
tion airflow rate on the indoor air temperature reduction, showing that
the increase of the insulation level and night airflow rate will enhance
the night cooling performance.

The aforementioned sensitivity analyses for night ventilation per-
formance are mostly only focused on one night ventilation mode with
one daytime cooling method or limited to the amount of performance
indicators and climate regions. To get an overall design guideline of
night ventilation design parameters, research should include various
night ventilation systems and performance indicators in different cli-
matic conditions.

This paper firstly selects nine performance indicators for night
ventilation performance evaluation. Then it investigates the perfor-
mance of night mechanical and natural ventilation integrated with
three different daytime cooling systems (air conditioning, mechanical
ventilation, and natural ventilation) to do a global sensitivity analysis
for an office room located in three climate zones (cold, medium, and
hot climate regions). The night cooling performance is analyzed based
on the parametric simulation results in consideration of the thermal
comfort evaluation and energy-saving benefit. Finally, the evaluation of
the applicability of performance indicators is conducted to propose the
recommendation.

2. Methodology

2.1. Outline of the quantitative study

A systematic approach is proposed to evaluate and quantify the
influence of different design parameters on the night ventilation per-
formance alongside the evaluation of performance indicators as shown

Nomenclature

Tout Outlet air temperature (℃)
Tin Inlet air temperature (℃)
T̄surface Average building indoor surface temperature (℃)
To,max Maximum ambient air temperature (℃)
To,min Minimum ambient air temperature (℃)
Ti,max Maximum building indoor air temperature (℃)
Ti,max Minimum building indoor air temperature (℃)
Ti(t) Building indoor air temperature at time t (℃)
To(t) Ambient air temperature at time t (℃)
ṁair Airflow rate (kg/s)
cp Specific heat capacity (kJ/kg.℃)
Pe Electric power of fan (W)
ti Start time of night-time ventilation (h)
tf End time of night-time ventilation (h)
Qel,c
ref Cooling system electrical energy consumption of the sce-

nario without ventilative cooling (kWh/m2)
Qel,c
scen Cooling system electrical energy consumption of the sce-

nario with ventilative cooling (kWh/m2)
Qel,v Electrical energy use of the night ventilation system
Qt,c
ref Cooling demand of the reference scenario (kWh)

Qt,c
scen Cooling demand of the analyzed scenario (kWh)

wfi Weighting factor
hi Occupied hours (h)

Tcomf,sup Upper comfort temperature limit (℃)

Abbreviations

NV Night ventilation
TE Temperature efficiency
TDR Temperature difference ratio
DF Decrement factor
COP Coefficient of performance
ADV Ventilative cooling advantage
CRR Cooling requirements reduction
POR Percentage outside the range
DhC Degree-hours criterion
DI Weighted discomfort temperature index
SHGC Solar heat gain coefficient
CHTC Convective heat transfer coefficient
MCA Monte Carlo analysis
LHS Latin hypercube sampling
SRC Standardized regression coefficient
SA Sensitivity analysis
ACH Air change rate per hour
WWR Window-wall ratio
AC Air conditioner
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in Fig. 1. In the first step, a suitable series of performance indicators for
night cooling are reviewed and selected. In the second step, a software
designed for uncertainty and sensitivity analysis by Monte Carlo
method-SimLab v2.2 (EU Science Hub, 2008) generates samples based
on the input design parameters and sends the scenarios to the para-
metric simulation manger jEPlus (Zhang & Korolija, 2016). Then, the
jEplus uses the model built by EnergyPlus to do parametric simulations
before transferring the simulation results back again to SimLab. Follow
on, a global sensitivity analysis is conducted in SimLab by regression
method to investigate the influence of design parameters on perfor-
mance indicators. Finally, the parametric simulation results of night
cooling performance indicators are used to propose the application
recommendations for those performance indicators by mathematical
analysis.

2.2. Performance indicators of night ventilation

Appropriate performance indicators should be chosen according to
the application conditions of the night ventilation, in order to provide
guidelines for the measurement or simulation in the design process to
achieve those goals. It should be noted that the performance of night
ventilation cannot be well represented by a single indicator. It needs a
combination of different types of indicators. The performance of night
ventilation can be quantified by the thermodynamical effect (energy
balance) and by its cooling effect (room temperature). Night ventilation
performance indicators can be sorted into the following four categories:
1) Heat removal effectiveness, 2) Energy efficiency, 3) Ability to reduce
cooling energy use, and 4) Thermal comfort improvement (Rui, Yue, &
Heiselberg, 2018). Heat removal effectiveness quantifies the ability of
the night cooling system to remove excess heat stored in the building.
Energy efficiency quantifies the energy use required to reduce cooling
demand. The ability to reduce cooling energy use represents the ability
of the night cooling system to provide energy saving for the daytime
mechanical cooling. Thermal comfort improvement shows the ability of
the night cooling system to reduce periods of thermal discomfort during
the occupied time.

Some indicators are more suitable for simulation analysis because
they can be easily calculated by post-processing outcomes of building
energy simulation runs of a reference scenario (e.g. mechanically
cooled building) and a ventilative cooling scenario (e.g. natural night
cooling and daytime mechanical cooling). However, other indicators
are more suitable for experimental analysis, since some data is easier to
obtain in field studies. In addition, in experimental studies, the thermal
comfort improvement indicators are much more prevalent than the
energy efficiency indicators, probably because the indoor conditions

are easier obtained than energy data, which is often challenging to
measure directly.

In this paper, we select nine performance indicators in total from the
four categories mentioned above to evaluate the influences of different
design parameters. Table 1 summarizes the selected performance in-
dicators.

2.3. Case study

2.3.1. Building model
The EnergyPlus v.8.9 software was selected in this study to build a

model and simulate its heat, energy, and thermal comfort performance.
An office building located in Aarhus, Denmark was used for this study,
as shown in Fig. 2(a). The building is 103.7 m long and 9.5 m wide,
with 3 stories and a total area of 2924.1 m2. The layout of the office
building can be seen in Fig. 2(b), in which N, W, S, and C indicate the
orientation as north, west, south, and center respectively. A typical
office room 1W occupied by 6 persons was selected as the case zone,
whose floor area is 51.3 m2 and height is 2.8 m (Vidrih, Arkar, &
Medved, 2016). Internal partitions between the concerned zone 1W
and adjacent zones were set as adiabatic to assume the similar condi-
tions in all adjacent zones. The case was simulated in the hot (Rome),
medium (Geneva), and cold (Copenhagen) climates respectively to in-
vestigate the climate influence on night ventilation performance. The
weather data for the three locations originated from the World Me-
teorological Organization (WMO, 2018).

In order to evaluate the influence of building orientation on night
ventilation performance, the orientation was set with a uniform dis-
tribution from 0° to 360°. The European ventilation standard for office
building recommends that the airtightness should be below 1.0 h−1 in
case of buildings with more than three stories (EN 16798-3, 2017). The
infiltration of building airtightness was set with triangular distribution
with a minimum value of 0.1 h−1, maximum 1.0 h−1, and mean value
0.6 h−1.

2.3.2. Thermal mass models
Thermal mass can be sorted as external and internal thermal mass.

External thermal mass, such as an external wall or roof, is affected by
the ambient air temperature and solar radiation directly. Internal
thermal mass, such as internal walls or interior furniture, influences the
indoor air temperature through the process of absorbing and releasing
heat (Zhou, Zhang, Lin, & Li, 2008). For the concerned zone 1W, the
external thermal mass is the external wall, while the internal thermal
mass contains an internal wall, ceiling, floor, and interior furniture.

Three different levels (light, medium, heavy) were defined for

Fig. 1. Flow chart of the systematic approach.
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external and internal thermal mass, respectively. Table 2 shows the
detailed composition of the thermophysical properties of building ma-
terials and the thermal mass of the building components. The last
column of Table 2 is the dynamic heat capacity per unit floor area,
indicating the thermal mass level. The dynamic heat capacity cdyn is the
ability to store energy per area when the building component is exposed
to a sinusoidal temperature variation for a period of 24 h with surface
resistance, as defined by EN ISO (13786, 2017). It should be noticed
that for light, medium, and heavy internal thermal mass levels, the
interior furniture surface area is 10, 30, 50m2 respectively.

2.3.3. Internal heat gain models
Similar to the thermal mass, internal heat gains were also defined by

three different levels, cf. Table 3. The hourly operational schedules for
people, lights, and electric equipment were always 1.0 during the oc-
cupied hours (08:00–17:00) and 0 for the other hours. The people
clothing insulation was set to 0.5 clo in summer (EN 15251, 2007).

2.3.4. Window models
The windows in zone 1W were modeled as energy-efficient win-

dows with a double pane construction made by 3mm glass and a 13mm
gap filled with argon. The window U-value is 1.062W/m2·K, while the
glass solar heat gain coefficient (SHGC) and visible transmittance are
0.579 and 0.698 respectively. In order to evaluate the influence of
window-wall ratio on night ventilation performance, the design para-
meter of the window-wall ratio for north and south windows of zone
1W was set with a discrete distribution from 10%, 20%,…, 90%.

2.3.5. Night ventilation systems
Two typical concepts of night ventilation were selected for the in-

vestigation, which are mechanical ventilation and natural ventilation.
The night venting schedule is during 17:00-08:00 (+1) from 1st July to
1st September, except for weekends.

The night mechanical ventilation system is a balanced system with a
supply fan and an exhaust fan. The night natural ventilation has been
modeled using a wind and stack model in EnergyPlus, in which the
ventilation air flow rate is a function of wind speed and thermal stack
effect, along with the area of the opening being modeled (U.
Department of Energy, 2017).

To prevent the overcooling and to store more cooling energy in
building thermal mass, the minimum indoor air temperature setpoint
for both night ventilation systems was 18℃ (M.A. J, 1995). Night
ventilation is only activated when the indoor air temperature exceeds
the ambient temperature at a certain temperature which was set with a
discrete value of 1, 2, and 3 ℃.

Because the maximum airflow rate for the design of night ventila-
tion should be further increased corresponding to an air change rate of
10 h−1 (O’Donnavan et al., 2018), the design air flow rate for night
mechanical ventilation was set with uniform distribution from 1 to
10 h−1. For night natural ventilation, the opening area is 0.4m2, and

the discharge coefficient of the opening was set with a typical uniform
distribution from 0.5 to 0.7 (Flourentzou, Van der Maas, & Roulet,
2002). The opening effectiveness for natural ventilation was calculated
automatically in EnergyPlus so that the window can be assumed to
adjust its angle to make the most use of wind under different wind
direction. Table 4 shows the detailed setup information of night ven-
tilation.

2.3.6. Daytime cooling systems
Three typical methods were selected to cool the building at daytime,

which are air conditioner (AC), mechanical ventilation, and natural
ventilation. The operating period for daytime cooling is 08:00–17:00 on
weekdays from 1st July to 1st September.

A packaged thermal heat pump with a dedicated outdoor air system
was modeled as the air conditioning system with COP (coefficient of
performance) 3.0 for cooling in summer with the HVAC template
module of EnergyPlus. The setpoint for the air conditioning system is
24.5℃ which is a middle point of the temperature range for cooling, EN
15251 (EN 15251, 2007). The outdoor air flow rate was set to 30m3/h
per person (EN 15251, 2007).

The setups for daytime mechanical ventilation and natural ventila-
tion are similar to that of night mechanical and natural ventilation
systems respectively, but with some differences. The first difference is
the design flow rate for daytime mechanical ventilation and maximum
flow rate for daytime natural ventilation is 6 h−1. It is because the ty-
pical maximum air flow rate used in the design of daytime ventilative
cooling is 6 h−1 (O’Donnavan et al., 2018). The second difference is
that when the indoor and outdoor air temperature difference is smaller
than 2℃, the outdoor air flow rate is 30m3/h per person to fulfill the
human hygiene requirements. Table 5 shows the detailed setup in-
formation of daytime cooling methods.

2.3.7. Internal convective heat transfer coefficient
Several research indicated different convective heat transfer coef-

ficient (CHTC) correlations or values for different types of the internal
surface (Alamdari & Hammond, 1983; Lomas, 1996). According to the
EN ISO (13791, 2012), the standard convective heat transfer coefficient
for vertical, horizontal (upward), and horizontal(downward) are 2.5,
5.0, 0.7W/m2·K respectively. As a consequence, the CHTC of internal
surfaces were both set with uniform distribution from 0.5 to 5W/m2·K.

2.3.8. Summary of the independent design parameters
Table 6 summarizes the independent design parameters for night

mechanical/natural ventilation. P6 has two meanings, of which night
air change rate per hour (ACH) is for mechanical ventilation and dis-
charge coefficient for the opening of natural ventilation.

2.4. Sensitivity analysis

Sensitivity analysis (SA) can be divided into three different types:

Fig. 2. (a) View of the building model and (b) Layout of the case office building.
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screening methods, local sensitivity methods, and global sensitivity
methods (Saltelli, Chan, & Scott, 2000). In this paper, the global sen-
sitivity analysis methods were selected to quantify the influence of a
single input variable on the outputs while all other input variables also
vary simultaneously. Monte Carlo Analysis (MCA) is the most prevalent
variance-based method because it provides approximate solutions only
with a restricted number of simulations and the input variables have
uncertainties of a different order of magnitude (Breesch & Janssens,
2010). Different sampling methods exist in MCA studies: random
sampling, importance sampling, quasi-random sampling, and Latin
hypercube sampling (LHS). The LHS method was selected because this
method is a powerful tool in building performance analysis and it fully
covers the range of each variable (Tian, 2013). The sample size based
on LHS was chosen to be 400 as the minimum number of modelTa
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Table 3
Internal heat gains per unit floor area in zone 1W.

Internal heat gains Low Medium High

People W/pers. 70 75 80
Lights W/m2 4 6 8
Electric equipment W/m2 6 8 10
Total W/m2 18.2 22.8 27.4

Table 4
Detailed setup information of night ventilation systems.

Night mechanical ventilation
System Supply fan+ exhaust fan
Design pressure rise 600 Pa (Both for supply and exhaust fan)
Fan total efficiency 0.9
Design flow rate U[1-10]
Minimum indoor temperature 18℃
Activation requirements Tin-Tout> D[1,2,3]℃

Night natural ventilation
System Natural ventilation driven by wind and stack

effect
Minimum indoor temperature 18℃
Activation requirements Tin-Tout> D[1,2,3]℃
Opening area 0.4m2

Discharge coefficient U[0.5-0.7]
Opening effectiveness Automatic calculation by EnergyPlus

Tin: indoor air temperature (℃); Tout: ambient temperature (℃); D: discrete
distribution (levels); U: uniform distribution (lower value, upper value).

Table 5
Detailed setup information about daytime cooling methods.

Daytime air conditioning
System Packaged terminal heat pump+dedicated

outdoor air system
Setpoint 24.5℃
Design fan pressure rise 75 Pa
Outdoor air flow rate 30m3/h/person

Daytime mechanical ventilation
System Supply fan+ exhaust fan
Design fan pressure rise 1000 Pa (Both for supply and exhaust fan)
Fan total efficiency 0.9
Minimum indoor temperature 24.5℃
Design flow rate 6 h−1 or 30m3/h/person
Control strategy If Tin-Tout > 2℃ air flow=6 h−1 or flow=30

m3/h /person

Daytime natural ventilation
System Natural ventilation driven by wind and stack

effect
Minimum indoor temperature 24.5℃
Opening area 0.4m2

Discharge coefficient U[0.5–0.7]
Control strategy If Tin-Tout > 2℃ air flow<6 ACH or flow=30

m3/h /person
Opening effectiveness Automatic calculation by EnergyPlus
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executions should be higher than 10 times the number of variables
(European Commission - IPSC, 2008). SimLab v2.2 generated the 400
samples by LHS method (European Commission - IPSC, 2008), then
those samples were sent to jEPlus to do parametric simulations before
transferring the simulation results back again to SimLab to do the
sensitivity analysis. The Standardized Regression Coefficient (SRC)
based on regression analysis was used as the global sensitivity analysis
indicator when the input variables are independent. The sign of SRC
indicates whether the output increases (positive value) or decreases
(negative value) with the related input variable increases. The bigger
the absolute value of SRC, the more influential the input variable is.
Calculating the SRCs involves a linear multidimensional model based
on an m × k samples, with m the total number of samples and k the
total number of input variables:

∑= +
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j j0
1 (1)

where ŷi represents the estimate of the output yi, xj the input variable, i
is the sample size, j is the number of variables and βj the regression
coefficient. This regression model can be standardized by subtracting
the mean value from each input and output factor and successively
dividing this result by its standard deviation:
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The SRC for the input variable j is defined as:
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The model coefficient of determination Ry2 measures how well the
linear regression model matches the data, which can be calculated by:
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where Ry2 represents the fraction of the variance of the output explained
by the regression. The closer it is to 1, the better the model performance
is.

Table 6
Design parameters for sensitivity analysis, their range, and distribution.

Parameter Unit Distribution

P1 External thermal mass kJ/m2·K D[24.0, 42.0, 77.5]
P2 Internal thermal mass kJ/m2·K D[63.3, 160.1, 238.1]
P3 Internal heat gains W/m2 D[18.2, 22.8, 27.4]
P4 Window-wall ratio (WWR) % D[10, 20, 30, 40, 50, 60, 70, 80,

90]
P5 Internal CHTC W/m2·K U[0.7-5]
P6 Night ACH h−1 U[1-10]

Discharge coefficient for
opening

– U[0.5-0.7]

P7 Building airtightness h−1 T[0.1, 0.6, 1]
P8 Building orientation ° U[0-360]
P9 Indoor and outdoor ΔT ℃ D[1,2,3]

Note: D: discrete distribution (levels); U: uniform distribution (lower value,
upper value); T: triangular distribution (lower value, mode, upper value).

Fig. 3. Sensitivity analysis for TE.
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3. Results

3.1. SA for temperature efficiency (TE)

Fig. 3 illustrates the results of the sensitivity analysis (R2=0.95) for
TE where the three top (and the absolute value of SRC greater than 0.1)
influential parameters are labeled. It can be concluded that the internal
CHTC is the most influential parameter for all climates and systems,
except for the all-day mechanical ventilation system, but still ranking
second. P6 (Night ACH) is important for the systems with night me-
chanical ventilation, while P6 (Discharge coefficient of opening) is not
obvious in cases with night natural ventilation. The risk of this hap-
pening for the range of discharge coefficient is relatively small and will
not influence the level of night natural ventilation rate. However, it is
acceptable because the range has been defined according to the bib-
liography. Increasing window-wall ratio (WWR) always decreases the
value of this indicator considerably, except for the all-day mechanical
ventilation system. In the daytime mechanical ventilation with night
natural ventilation system, the internal thermal mass becomes more
influential. Additionally, the colder the weather is, the larger the in-
fluence of the internal thermal mass on TE.

It may confuse people that the higher the night ACH is, the lower
the value of TEs. Artmann updated the indicator by multiplying TE with
daily climatic cooling potential, ACH, and physical parameters of room
and air to evaluate the amount of heat removed by night ventilation,
demonstrating that increasing ACH will remove more heat (Artmann
et al., 2010). Therefore, the temperature efficiency is not suitable to
evaluate the heat removal effectiveness affected by different night ACH,
but available to evaluate the performance of night ventilation for dif-
ferent scenarios with the same air flow rate.

3.2. SA for temperature difference ratio (TDR)

Fig. 4 shows that the WWR is the most important design parameter

for TDR for all systems in all climates. Similar to the SA for TE, P6 is
important for the systems with night mechanical ventilation, while not
obvious for the systems with night natural ventilation. In cases with the
daytime AC system, the internal CHTC tends to have a large influence
with a positive SRC. Moreover, the TDR appears to be sensitive to the
building airtightness for the systems with night natural ventilation.
Increasing the infiltration rate will raise the value of TDR, as it can
lower the maximum indoor air temperature. As expected, the colder the
weather is, the more influential the building airtightness. For the all-
day natural ventilation system and all-day mechanical ventilation
system, the internal thermal mass becomes influential, but the sign of
its SRC is negative for the former system while positive for the latter
system. The reason is that for the former system, the increase of internal
thermal mass raises the maximum indoor air temperature while de-
creases it for the latter system.

3.3. SA for decrement factor (DF)

Fig. 5 shows the sensitivity analysis for the DF. Generally, the most
influential design parameters are the internal thermal mass and WWR,
whose rank vary slightly in some cases. The increase of WWR raises the
fluctuation of indoor air temperature, while the augment of the internal
thermal mass level decreases the fluctuation. P6 is also important for
the systems with night mechanical ventilation systems and insignificant
in the systems with night natural ventilation. Moreover, the value of
SRC ranges from −0.4 to −0.2, indicating that the internal CHTC
generally has a big influence on DF. Even though the external thermal
mass does not have the same obvious influence with the internal
thermal mass, some attention should be paid on it, as the value of its
SRC ranges from −0.4 to −0.1.

In general, the lower the value of DF is, the less the indoor air is
affected by the local weather, which is beneficial for the climate region
with high diurnal temperature range and has a great potential for night
ventilation. Although the night ventilation can lower the indoor air

Fig. 4. Sensitivity analysis for TDR.
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temperature, it also enlarges the indoor air temperature fluctuation
which increases the value of DF since the minimum indoor air tem-
perature reduces more.

In such cases, it may be also confusing whether the bigger the value
of DF means a better night ventilation performance. Therefore, the DF
may be only suitable for the cases with the same building information
to compare the scenarios with and without night ventilation or the
scenarios with different night airflow rates.

3.4. SA for coefficient of performance (COP) and ventilative cooling
advantage (ADV)

Fig. 6 shows the influence of design parameters on COP (Fig. 6(a))
and ADV (Fig. 6(b)). The COP and ADV are only available for the sys-
tems with night mechanical ventilation. It can be concluded that the
influence of parameters on COP is almost the same for the two systems.
The night ACH is the most important design parameter with a negative
SRC, followed by the WWR and internal thermal mass whose signs of
SRC are both positive. The reason why the night ACH has a negative
SRC on COP is that increasing the air flow rate result in more fan
electric consumption, while the amount of cooling energy supplied by
the fan does not increase linearly with the fan electric consumption.
When increasing the WWR and internal thermal mass level, there will
be more excess heat stored during the daytime to be removed by the
same night ventilation consumption. Attention should be paid on the
building airtightness, as its SRC value is about −0.2, indicating that
this parameter has some influence on COP.

The influence of design parameters on ADV varies a lot for different
systems and locations. The WWR is important for both systems.
However, it has a positive SRC on ADV for daytime AC with night
mechanical ventilation system while has a negative SRC for the all-day
mechanical ventilation system. Undoubtedly, increasing the WWR will
increase the cooling system electrical energy consumption of both the
scenarios without and with night ventilative cooling which areQel c

ref
, and

Qel c
scen
, respectively. The reason why the WWR has a different effect on

ADV for two systems may be that increasing WWR will increase Qel c
ref
,

more for the former system while increase Qel c
scen
, more for the latter

system. Night ACH plays an important role in the former system,
especially in the medium and cold climate regions, but it is not influ-
ential for the latter system. Internal thermal mass ranks second among
all design parameters for the former system but is not important for the
latter system. It should be noticed that the P2 has a negative SRC on
ADV for the former system in Rome, while has a positive SRC for the
former system in Geneva and Copenhagen. This indicates that in hot
climates, the internal thermal mass level should not be increased
without limit, because the night cooling with relatively high-tempera-
ture ambient air may not be able to remove all the stored excess heat in
the thermal mass during the daytime. Additionally, internal CHTC and
internal heat gains have a limited effect on ADV for both systems.

3.5. SA for cooling requirements reduction (CRR)

CRR is not available for the all-day natural ventilation system, be-
cause this system does not have daytime mechanical cooling method.
Fig. 7 shows that the design parameters have various effects on CRR for
different systems and locations. WWR is the most influential parameter
in the systems with daytime mechanical ventilation, but not the same
influential in the cases with daytime AC. The colder the weather is, the
more influential the WWR is for systems with daytime mechanical
ventilation. This is probably due to the increasing P4 leads to a different
cooling demand increment of the reference scenario without ventilation
and the analyzed scenario with ventilation. Generally, the internal
thermal mass has a big influence on CRR for the systems with daytime
AC, but the influence varies a lot in different locations. It indicates that
the internal thermal mass should be arranged properly based on climate
conditions and system configurations. Similar to other indicators, the
P6 is only significant in the cases with night mechanical ventilation,
with a positive SRC. Moreover, the internal CHTC always has a small

Fig. 5. Sensitivity analysis for DF.
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negative SRC on CRR.

3.6. SA for percentage outside the range (POR)

Two comfort models from EN 15251 Category II (EN 15251, 2007)
and ASHRAE 55 (ASHRAE 55-2004, 2004) were applied to calculate
POR EN 15251 adaptive model category II refers to whether the op-
erative temperature falls into the 80% acceptability limits, while
ASHRAE 55 simple model indicates whether the combination of hu-
midity ratio and the operative temperature is in the ASHRAE 55-2004
summer clothes region. Fig. 8 shows the sensitivity analysis for the POR
based on the two comfort models. The PORE and PORA refer to the POR
with CEN 15251 Category II and ASHRAE 55 simple model respec-
tively.

For EN 15251 model, the WWR is most influential for the last three
systems, while its influence is not as obvious for the first two systems
which have daytime AC, especially in the cold climate region. The effect
of the internal thermal mass on POR varies a lot for different systems
and locations. In general, P2 is more influential in medium or cold
climate regions, but whether its SRC for the indicator is positive or
negative depends on the systems. On the contrary, the PORE is more
sensitive to the internal CHTC in non-cold climate regions, and the POR
always declines with increasing the internal CHTC. P6 can only make a
great difference in this indicator for the all-day mechanical ventilation
system. Additionally, some attention should be paid for the building
airtightness in the all-day natural ventilation system, as its SRC value
ranges from -0.3 to -0.2.

Generally, the influence of design parameters on the ASHRAE 55
simple model is similar to those in EN 15251 adaptive model in most
scenarios. However, the influences of WWR, internal CHTC, and night

ACH on PORA are quite different or even reverse between the two
comfort models for the systems with daytime AC and mechanical ven-
tilation system in Copenhagen. The WWR does not play the same im-
portant role in PORA for the last three systems but is more influential
for the first two systems when in comparison with PORE in
Copenhagen, shown in Fig. 8(b). This might because the ASHRAE 55
simple model takes the humidity ratio into account, while the EN 15251
adaptive model only considers operative temperature.

3.7. SA for degree-hours criterion (DhC) and weighted discomfort
temperature index (DI)

As the influence of design parameters on DI are quite similar to
those on DhC, the SA results for DI in Fig. 9 are also represented for
DhC. The difference between the SA results of DI and DhC is mainly the
magnitude of SRC value for some design parameters in some scenarios.
Generally, for the two thermal comfort indicators, the WWR is most
influential, followed by the internal CHTC. The influence of internal
thermal mass on DhC and DI varies a lot in different systems and lo-
cations, indicating that the internal thermal mass should be designed
properly. P6 is important for the systems with night mechanical ven-
tilation but not obvious for the systems with night natural ventilation.
For all-day natural ventilation system, the building airtightness has
some impact on the two indicators with negative SRCs. Besides, as
expected, the colder the weather is, the larger the influence of the
building airtightness is.

Fig. 6. Sensitivity analysis for (a) COP and (b) ADV.
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4. Discussions

4.1. Importance of design parameters

Fig. 10 shows the proportions of the design parameters in the cor-
responding first, second, third important design parameter for all per-
formance indicators. The 1st important parameter results show that the
WWR, internal CHTC, internal thermal mass, and night mechanical
ACH are the most important design parameters. The 2nd important
parameter results mean that building airtightness and internal heat
gains should be taken into consideration when concerning some per-
formance indicators. Apart from the aforementioned six parameters, the
results of the 3rd important parameter show that the external thermal
mass and threshold temperature ΔT for night ventilation should be paid
some attention in certain cases.

In the perspective of the influence of each design parameter on all
night cooling performance indicators based on sensitivity analysis re-
sults from Section 3, it can be concluded that the WWR always has
significant negative SRCs on TE and TDR, but positive SRCs on DF, COP,
and the thermal comfort indicators. But there is an exception that WWR
has a negative SRC on the PORA for the systems with daytime AC and
the all-day mechanical ventilation system in cold climate region.
Meanwhile, the signs and values of SRC of WWR on ADV and CRR vary
a lot depending on the climates or system configurations. Increasing the
WWR will raise the value of ADV and CRR for the systems with daytime
AC, while reduces those value for the systems with daytime mechanical
ventilation.

The internal CHTC have uniform signs of SRCs for each indicator.

Increasing the internal CHTC will decrease the value of thermal comfort
indicators to improve thermal comfort, as well as the value of DF to
keep the indoor air temperature steadier. On the other hand, increasing
the internal CHTC will augment heat removal effectiveness (TE & TDR),
energy efficiency (COP & ADV), and cooling energy use reduction
(CRR). It means that increasing the CHTC is always beneficial, which
can be achieved by selecting appropriate night ventilation mode or
optimizing the indoor air distribution to enhance the heat transfer area
between the cold air and building elements.

The external thermal mass is much less influential than the internal
thermal mass. The former one is only slightly important on the CRR,
POR, and DI in some scenarios. The latter one has positive SRCs for COP
and negative SRCs on the DF all the time. But the signs of its SRCs for
the rest of indicators vary a lot based on the night cooling solutions and
climates.

Night ACH always has positive SRCs on TDR, DF, and CRR, but
negative SRCs on TE, COP, DhC, DI, PORE, and PORA except for the
daytime AC with night mechanical ventilation system in cold climate
region. Commonly, increasing the night ACH will reduce the value of
ADV. However, the ADV of the all-day mechanical ventilation system in
the medium and hot climate regions will benefit from the increase of
night ACH.

The building airtightness is only important on the TDR, COP, ADV,
CRR, and the thermal comfort improvement indicators in some cases. In
general, the colder the weather is, the more influential the building
airtightness is. The internal heat gains always have negative SRCs on
TDR. Moreover, it will influence the ADV, CRR, and POR for several
scenarios a lot. ΔT only has a limited influence on the TE, TDR, and

Fig. 7. Sensitivity analysis for CRR.
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thermal comfort improvement indicators for the daytime AC with night
natural ventilation system in the hot or medium climate regions.
Increasing the ΔT will raise the value of thermal comfort improvement
indicators and TE, but reduce the value of TDR.

Building orientation can affect the solar heat gains of the room, and

the air flow rate of natural ventilation. However, the influence of
building orientation on the night cooling performance is quite low,
because the solar heat gains were generally low when compared with
the internal heat gains, and the air flow rate does not have a big dif-
ference with the orientation changing (shown in Fig. 11). The reason

Fig. 8. Sensitivity analysis for (a) POR EN 15251 model and (b) POR ASHRAE 55model.

R. Guo, et al.



why the orientation has little influence on the change of air flow rate is
that the opening effectiveness in natural ventilation model is calculated
automatically in EnergyPlus, which assumes the window can adjust its
angle to make the most of wind under different wind directions.

4.2. Night cooling performance

4.2.1. Thermal comfort evaluation
The ability of night cooling to improve thermal comfort perfor-

mance depends on the night cooling solutions as well as the climate. As
the magnitude of DhC and DI for different night cooling solutions varies
a lot, the Fig. 12 only shows an overview of the PORE and PORA for the
modeled cases. The numbers 1, 2, and 3 represent Rome, Geneva, and
Copenhagen, respectively.

The comparison of the mean and median value of POR between
different night cooling solutions demonstrates that the all-day natural
ventilation system has the highest POR, followed by the daytime me-
chanical ventilation system with night natural ventilation system, all-
day mechanical ventilation system, daytime AC with night natural
ventilation system, and daytime AC with night mechanical ventilation
system. It also can be concluded that the night mechanical ventilation
can provide better thermal comfort with lower POR than night natural
ventilation. Both for night natural and mechanical cooling solutions the
best performance in the EN 15251 model are obtained with the daytime
AC system in Rome, reaching 0%. While in the ASHARE55model the
best performance of night natural and mechanical ventilation are also
obtained with the daytime AC system, but in Copenhagen, close to 0%
and 5% respectively.

Fig. 9. Sensitivity analysis for DhC and DI.

Fig. 10. Pie chart for the top three influential parameters.
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The value difference between PORE and PORA for the same system
in the same climate region shows that the thermal comfort criterion
selected will come to different results. The ASHRAE 55model seems
stricter than EN 15251 model, as the PORA is higher than PORE for the
same system in the same city. There is a clear trend that the PORE for
all systems and PORA for the latter three systems decrease with the
location varying from Rome to Copenhagen. This indicates that night
ventilation has more application potential in cold climate regions.
However, no clear trend exists for the PORA for the first two systems in
the same condition. The lowest median and average value of PORA is in
Geneva rather than in Copenhagen. One reason may be that the system
with daytime AC leaves less excess heat during daytime than other
night cooling solutions, leading to the overcooling phenomenon caused
by night cooling in cold climate region. Another reason is that the
summer comfort range in ASHRAE 55 simple is fixed. Consequently, the
zone operative temperature in Rome tending to be higher than the
comfort range but lower than the comfort range in Copenhagen.

4.2.2. Energy-saving benefit
The energy efficiency and ability to reduce the cooling energy use of

the different night cooling solutions are also very different. Fig. 13
shows the values of COP, ADV, and CRR for different night ventilation
solutions. Night mechanical ventilation with daytime AC system tends
to have a lower COP but higher ADV than with daytime mechanical
ventilation system. This is due to the fact that the daytime AC system
can remove more heat and maintain the indoor temperature at the
designed level when compared with the daytime mechanical ventilation

system. Therefore, less excess heat stored at daytime with AC system
will lead to lower COP and higher ADV for night mechanical cooling.
ADV can evaluate directly whether the night mechanical cooling is
energy saving or not. However, through the comparison of COP with
ADV for all-day mechanical ventilation in different climate regions, it
can be concluded that high COP does not result in high ADV. COP is not
the key indicators to determine whether the night cooling can save
energy or not. The result of CRR clearly demonstrates that there is a
trend that the value of CRR increases with the climate becoming colder.

For night natural cooling solutions, the best performance for CRR is
obtained with the daytime mechanical ventilation system in
Copenhagen, reaching 97.1%. For night mechanical cooling solutions,
the best performance for ADV and CRR are obtained with the daytime
AC system in Copenhagen, reaching 2.4 and 73.8% respectively. While
for the COP of night mechanical cooling, the best performance is ob-
tained with daytime mechanical ventilation in Rome, reaching 13.9.

In hot climate region, even though the all-day mechanical ventila-
tion can get a value of COP higher than 10, the night mechanical
ventilation does not save energy. Because the ADV is less than 1.
However, the CRR of night natural cooling system indicates that this
system can be energy-saving, with the highest value of more than 60%
for the all-day mechanical ventilation system. While in the cold climate
region, all the night ventilation systems can achieve better performance
with a higher value of COP, ADV, and CRR, except for the COP of the
all-day mechanical ventilation system in Copenhagen. Besides, it is
easier to save energy for night mechanical ventilation, with highest and
mean value of ADV is 2.4 and 1.1 respectively. For the medium climate
region of Geneva, all the values of three indicators are between that in
Rome and Copenhagen. The result indicates that the colder the climate,
the better performance the night cooling can achieve. However, it
should be noticed that the ADV of daytime AC with night mechanical
ventilation could be higher than 1 even in Rome, while close to 0 in
Copenhagen. Therefore, the night ventilation system should be de-
signed properly based on the climate in order to maximize the energy-
saving benefit.

4.3. Applicability of the different performance indicators

The heat removal effectiveness indicators should be used with
caution. Firstly, the lack of modeling of the temperature distribution in
spaces leads to inaccurate values of the temperature efficiency.
Secondly, a comparison of night cooling performance can only be car-
ried out for systems with similar airflow rates by the indicator of TE or
with similar building information by the indicator of DF. Under the
application conditions, the higher the value of TE or DF, the better the

Fig. 11. Zone average ACH at night under different orientations for the daytime
AC with night natural ventilation system in three cities.

Fig. 12. Box-and-whisker plot of POR for different night cooling solutions.
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performance of night cooling. According to the definition of TDR, the
denominator is the ambient temperature swing which is dependent on
the local climate condition. Therefore, the TDR is not suitable for the
same night cooling system to compare the heat removal effectiveness in
different climate regions, but only suitable for the comparison of dif-
ferent system configurations in the same climate region.

The energy-related indicators of COP, ADV, and CRR are used to
evaluate energy efficiency and cooling energy use of night cooling. ADV
is very useful for night mechanical ventilation systems, while CRR is
useful for night natural ventilation systems. Though COP provides a
first evaluation of the thermal behavior, the night ventilation energy-
saving effect cannot be quantified. Because for the all-day mechanical
ventilation system, the high COP does not result in high ADV.
Therefore, the COP only evaluates the energy efficiency of ventilation at
night time, rather than the energy efficiency for an entire day.

For evaluation of the thermal comfort improvement in the daytime,
the best performance indicator is POR because it gives a direct ex-
planation of the percentage outside the comfort range. Furthermore, it
can accompany different thermal comfort models or parameters, such
as PMV, operative temperature, and dry resultant temperature. Both
DhC and DI have some limitations and disadvantages. The biggest
limitation is that the thermal comfort threshold value is too simple,
such as the operative temperature 26℃ or the indoor air temperature
28℃. In addition, the two indicators belong to the cumulative index, of
which it may be difficult to evaluate the thermal comfort intuitively.

5. Conclusion

This paper applies a global sensitivity analysis to identify the key
design parameters affecting the night ventilation performance. Besides,

the applicability and limitations of the performance indicators are
evaluated by the results from the parametric simulation. Based on the
results of the case study, conclusions can be made as follows.

• The sensitivity analysis shows that the influence of design para-
meters depends much on the climate conditions and night ventila-
tion system modes. The WWR, internal CHTC, internal thermal mass
level, and night mechanical ACH of are the most important design
parameters. However, the building airtightness, internal heat gains,
external thermal mass level, and threshold temperature ΔT also have
limited effect on some indicators in several scenarios. Small differ-
ences on the night cooling performance can be noticed for various
building orientations and different discharge coefficients of the
opening.

• The parametric simulation results show that the way to get the best
thermal comfort and energy-saving benefit for night ventilation is
equipped with daytime AC. The colder the climate, the better per-
formance the night cooling can achieve. Nevertheless, some mea-
sures should be taken to avoid the overcooling effect in cold climate
region for the night ventilation with the daytime AC system.

• Some performance indicators have limitations and disadvantages.
TE is only suitable to evaluate the performance of different scenarios
with similar night ACH, while the DF can be only applied to evaluate
the performance of different night ventilation with similar building
information. TDR is only available to compare the different night
cooling systems in the same climate region. COP is not able to
evaluate the energy-saving benefit. DhC and DI are too simple and
not able to evaluate the thermal comfort intuitively. Therefore, the
ADV, CRR, and POR are recommended to evaluate the night venti-
lation performance.

Fig. 13. Box-and-whisker plot of COP (a), ADV (b) and CRR (c) for different night cooling solutions.
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a b s t r a c t

The rising cooling demand and overheating in the building sector, especially in office buildings, have
intensified research interest in recent years. Night ventilation (NV) as a passive energy technology has
shown a great potential cooling energy and ameliorate indoor thermal environment. In this paper, a
holistic approach involving global sensitivity analysis and evolutionary optimization is developed to
exclude insignificant parameters and explore optimal NV performance in terms of energy use and ther-
mal comfort. The proposed approach is based on the simulation research of a three-story office building
equipped with daytime air conditioning and NV system in a cold climate region. The NV system is
equipped with three levels of specific fan power (SFP), representing cases with natural NV and medium
and high SFP mechanical NV, respectively. The results show that the activation threshold temperature is
not the key parameter for NV performance. Comparing with the case without NV, the three SFP NV sys-
tems under a general scheme save 8.8% to 82.5% total cooling energy consumption (TCEC), but increase
the average percentage of dissatisfied during occupied hours (aPPD) from 7.5% to about 15%, which may
cause overcooling penalty. The optimization decreases the thermal mass area and the night air change
rate setpoint at each hour, while increases the minimum indoor air temperature setpoint compared to
the general scheme. All three optimal NV schemes significantly improve the indoor thermal comfort
by maintaining the aPPD at 7.5%. The optimal medium and high SFP mechanical NV scheme further save
7.1% and 38.6% TCEC compared to the corresponding general mechanical NV scheme, respectively. With a
higher SFP, a greater energy saving potential is contributed through NV optimization process. Even
though the optimal natural NV scheme consumes more than twice as much TCEC as the general natural
NV scheme, it is still worth optimizing the natural NV since the indoor thermal comfort can be improved
and the optimal scheme still saves much cooling energy compared to the base case.

� 2020 Elsevier B.V. All rights reserved.

1. Introduction

Cooling demand in buildings, especially in office buildings, is
increasing and has become a severe challenge during the last dec-
ades [1]. Predictions correspond to an increase in the cooling
energy demand of the commercial buildings in 2050, compared
to the current consumption, close to 275% [2]. More and more
space cooling systems have been installed in office buildings, even
in moderate and cold climates such as in Central or Northern Eur-
ope [3]. Office buildings usually have high internal heat gains and
experience considerable cooling loads due to high solar gains
through extensive glazing. While the heating demand can be effec-
tively reduced by installing thermal insulation and improving
building airtightness, cooling plays a more significant role in the

overall energy demand of buildings [4]. Night ventilation (NV) is
a promising way to decrease cooling demand and improve indoor
thermal comfort [5]. The basic concept of NV involves cooling the
indoor air and the building thermal mass overnight to provide a
heat sink available the next day. NV can be driven by natural ven-
tilation, or be supported by hybrid/mechanical ventilation with a
mechanical fan [6]. Climatic condition is a key factor to determine
the NV efficiency. NV generally has a high cooling potential in
moderate or cold climate regions of Central, Eastern, and Northern
Europe [3]. However, too much NV in moderate or cold climate
regions may overcool the building making people feel cold during
occupancy periods or it may consume additional energy for reheat-
ing [7].

NV performance is dependent on many parameters. They can be
mainly sorted by the cooling capacity of NV and the heat charge/
discharge quantity of building thermal mass. The parameters of
the cooling capacity of NV involves the night air change rate per

https://doi.org/10.1016/j.enbuild.2020.110319
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hour (ACH), minimum indoor temperature setpoint, night venting
duration, and activation threshold temperature (i.e. the tempera-
ture difference between indoor and ambient air). Roach et al. [8]
optimized the NV temperature setpoint and the ACH in an office
building in Adelaide and concluded that the best NV setpoint tem-
perature is 15 �C and the optimum ACH is 12 h�1. Several NV con-
trol strategies for an office building with the daytime active cooling
system in northern China were studied and compared [9]. The con-
clusion was that NV should operate close to the active cooling time
with a long ventilation period. The longer the duration of NV oper-
ation, the more efficient the NV becomes. Lixia et al. [10] also cou-
pled NV with daytime active cooling to compare the energy-saving
potential under 10 ventilation durations for supermarkets in cold
climates in China. Kolokotroni et al. [11] simulated an air-
conditioned office building with night cooling and recommended
that the night cooling should operate continuously at night until
7:00 when the inside and outside temperatures exceed 18 and
12 �C, respectively. Several researchers have studied efficient con-
trol strategies for the cooling capacity of NV. The weather predic-
tive control algorithm was adopted to predict the indoor air
temperature during occupancy periods and control the night air-
flow rate through the heat storage [1213]. The results seemed pos-
itive for reducing the building’s cooling demand. Braun et al. [14]
developed a simple operation strategy for NV pre-cooling in differ-
ent buildings in California. They determined that the strategy
saved significant compressor energy and that it was cost-effective.

The ability of the building thermal mass to store the excess heat
at daytime and to release the heat at night also affects the NV per-
formance [15]. When such the charge and discharge process is
timed correctly, thermal mass can be utilized to improve thermal
comfort and save building energy [16]. The coupling of NV with
thermal mass activation has been widely adopted in buildings
[17–19]. Solgi et al. [20,21] integrated NV with phase change mate-
rial (PCM) in office buildings in a hot climate region. The amalga-
mation of NV with PCMs in a building reduced the average
indoor temperature, the peak temperature, and saved about 50%
of the annual cooling load. Yanbing et al. [22] studied the perfor-
mance of NV with a novel PCM packed bed storage system in Bei-
jing, China. They found that the system was efficient in cooling
down the room temperature and saving the room energy use. Sha-
viv et al. [23] investigated the NV with the thermal mass. The
results showed that it could reduce the indoor temperature by
3–6 �C and eliminate the air conditioner (AC) operation in a
building with heavy thermal mass in the hot humid climate of
Israel. That research shows several shortcomings:

1) The NV performance was evaluated or optimized by a single
indicator,

2) The parameters related to NV cooling capacity and thermal
mass activation had the coupling effect on the NV perfor-
mance, which was rarely taken into consideration at the
same time, and

3) The related parameter was varied one by one with a few and
wide steps (e.g. ACH range from 0 h�1 to 12 h�1 with a step
of 3 h�1) and all the other parameters were fixed to investi-
gate the NV efficiency improvement, which cannot guaran-
tee to find the optimal solution. How the thermal mass
activation matches with NV cooling capacity to reach a bet-
ter performance needs further study.

Simulation-based optimization has become an efficient mea-
sure to enhance building performance by satisfying several strin-
gent requirements [24]. Instead of the time-consuming
parametric simulation method, different stochastic population-
based algorithms (e.g. genetic algorithm, particle swarm optimiza-
tion, evolutionary algorithm) have been widely used. To maintain a
reasonable number of input parameters in the optimization, sensi-
tivity analysis could be conducted to screen out unimportant
parameters [24]. The influence of parameters on NV performance
has been widely investigated. Artmann et al. [25] did a local sensi-
tivity parameter analysis of NV in an office building and found that
the most influential parameters of NV are climate conditions and
the air change rate. Kolokotroni et al. [26] did similar work for
office buildings in a moderate climate. The results showed that
other than air change rates, the most influential parameters also
include the thermal mass and internal heat gains. Shaviv et al.
[23] investigated the correlation between indoor air temperature
and the design parameters for NV in a residential building in a
hot humid climate. They found that the air change rate, thermal
mass, and daily temperature difference were the most influential
parameters. Rui et al. [27] conducted a global sensitivity analysis
in an office building under different climatic conditions to identify
the most important design parameters of NV. The results showed
that the window-wall ratio, thermal mass, internal convective heat
transfer coefficient, and night ACH were the most influential
parameters. Based on the authors’ current literature review, only
a few research studies focused on the NV performance improve-
ment by the simulation-based optimization methods.

In summary, due to the complex and non-linear interactions of
parameters on the NV performance, a comprehensive considera-
tion is required. Moreover, the one-factor-at-a-time changing

Nomenclature

English symbols
x Solution vector
n Number of decision variable
j Number of inequality constraints
K Number of equality constraints
g Vector of inequality constraints
h Vector of equality constraints
C Cooling energy consumption for air conditioning or

night ventilation

Abbreviations
NV Night ventilation
AC Air conditioner or air conditioning
ACH Air changes per hour

PCM Phase change material
LHS Latin hypercube sampling
MCA Monte Carlo analysis
SHGC Solar heat gain coefficient
TMY Typical meteorological year
COP Coefficient of performance
GA Genetic algorithm
SRRC Standardized rank regression coefficient
TCEC Total cooling energy consumption
PPD Percentage of dissatisfied
aPPD Average PPD during occupied hours
SFP Specific fan power
KKT Karush–Kuhn–Tucker
NSGA-II Non-dominated sorting genetic algorithm II
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method based on a limited distribution of parameters may not be
able to find the optimal solution. Few researchers investigated the
balance of energy use and indoor thermal comfort when adopting
the NV in cold climate regions and the match between the cooling
potential of NV and thermal mass activation. This study, therefore,
proposes a systematic approach to identify and screen out the
uninfluential parameters by using the global sensitivity analysis.
Then the key parameters related to the NV performance are opti-
mized with an evolutionary algorithm to minimize the total cool-
ing energy while maintaining the indoor thermal comfort.

2. Methodology

2.1. Research framework

A systematic approach is proposed to quantify the impact of the
parameters related to the NV performance on the building energy/
thermal performance, and then optimize the identified key param-
eters, as shown in Fig. 1. The approach mainly consists of four
steps: 1) generating samples from the distribution of parameters,
2) conducting parametric simulations based on the samples and
collecting results, 3) conducting sensitivity analysis to screen out
uninfluential parameter based on samples and results, 4) setting
the objective and constraint to optimize the key parameters. In
the first step, samples based on the input parameters are generated
by the Latin hypercube sampling (LHS) method with the software
SimLab which is designed for Monte Carlo analysis (MCA)–based
uncertainty and sensitivity analysis [28] before being sent to the
parametric simulation manger jEPlus [29]. In the second step, jEplus
sends the job list to EnergyPlus [30] to conduct parametric simula-
tion and collects simulation results to transfer back to SimLab. In
the third step, a global sensitivity analysis based on the regression
method is conducted with SimLab to investigate the influences of
the parameters and to identify the key parameters for the building
energy/thermal performance. In the last step, the initial values and
distributions of the key parameters as well as the objective func-
tion and constraint are set in MOBO [31], a generic freeware

written with Java programming language and embedded with sev-
eral optimization algorithms. Then MOBO generates and sends the
input variable based on the omni-optimizer from the parameter
distribution to EnergyPlus for simulation before getting the results
to determines whether the results fulfill the objective and con-
straint through the optimization algorithm to find the optimal
solutions.

2.2. Baseline model and cooling systems

SketchUp 2015 coupled with EnergyPlus v.8.9 was selected to
build the model that originated from an office building in Aarhus
Municipality built in 2012, as shown in Fig. 2 (A)(B). The building
is 103.7 m long and 9.5 m wide, with three stories and a total area
of 2924.1 m2 [32]. Fig. 2 (C) shows the layout of the office building.
The N, W, S, and C indicate the orientation as north, west, south,
and center, respectively, while the number before the orientation
abbreviation represents the floor number. An office room (i.e. Zone
‘1W’), occupied by six persons was selected as the case room. The
room floor area is 51.3 m2, with 2.8 m height. The windows in the
case room are the energy-efficient windows with a double pane
construction made of 3 mm glass and a 13 mm argon gap. The win-
dow U-value is 1.062 W/(m2�K), while the glass solar heat gain
coefficient (SHGC) and visible transmittance are 0.579 and 0.698,
respectively. To assume the similar conditions in all adjacent
zones, the internal partitions between the case room and adjacent
zones were set as adiabatic.

Typical meteorological year (TMY) data of Copenhagen, Den-
mark from the World Meteorological Organization was used in
the simulation [33]. The summer season from 1 July to 1 Septem-
ber was chosen in this study. Fig. 3 shows the direct solar radiation
and outdoor air temperature of Copenhagen in the selected days.
The daily mean ambient air temperature oscillated between
10.4 �C and 21.7 �C, while the daily maximum value of global hor-
izontal solar irradiance varied between 9.2 W/m2 and 790.8 W/m2.

Table 1 shows the detailed thermophysical properties of con-
struction elements. The internal thermal mass area is 20 m2, while

Fig. 1. Flow chart of the proposed research framework.
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Fig. 2. (A)(B) View of the building and case room, (C) layout of the case office building.

Fig. 3. TMY weather data (outdoor temperature and direct solar radiation) of Copenhagen from 1 July to 1 September.
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its density is 70 kg/m2 of the net surface area which fulfills the rea-
sonable range (i.e. 10–100 kg/m2) for the internal thermal mass
density in office buildings [34]. The last column of Table 1 is the
total dynamic heat capacity per unit floor area (236.2 kJ/m2�K),
indicating that the case room has a heavy thermal mass level
[35]. The dynamic heat capacity cdyn defines how much energy
can be stored per area if its surface is exposed to a sinusoidal tem-
perature variation with a 24 h time-period [36].

The internal heat gains were set as people with a load of 120W/
person, lights with 6 W/m2, and electric equipment with 8 W/m2

[37]. The hourly operational schedules for the internal heat gains
were 1.0 during the occupied hours (08:00–17:00) on weekdays
while 0 for other hours. The people’s clothing level was set at 0.5
clo in summer [38]. The air change rate of room infiltration was
set as 0.5 h�1 [39].

The cooling systems were daytime air conditioning and night
ventilation. A packaged terminal air conditioner (AC) with a coeffi-
cient of performance (COP) 3.2 and a sizing factor 1.2 from the
HVAC Template module of EnergyPlus was set in the case room.
The AC temperature setpoint for cooling was set at 24.5 �C, while
the outdoor airflow rate was 30 m3/(h�person) [38]. The AC oper-
ated from 08:00–17:00 on weekdays from 1 July to 1 September.
The NV system was a balanced system (i.e. a supply fan with an
exhaust fan). A general scheme for NV was set as follows. The min-
imum indoor air temperature setpoint for night ventilation was
18 �C, to cool down the thermal mass efficiently and prevent the
overcooling penalty [40]. Besides, the activation threshold temper-
ature was 3 �C (i.e. night cooling only operated when the indoor air
temperature exceeded the ambient temperature by 3 �C). The air
change rate (ACH) setpoint of night cooling was 10 h�1, which
was the specifiedmaximum air change rate [6]. It means that when
the activation threshold temperature is met and minimum indoor
air temperature is not violated, the fans will operate at the speed
equivalent to 10 h�1 ACH; otherwise, the fans will stop. The night
ventilation schedule was during 17:00–08:00 (+1) on weekdays
from 1 July to 1 September. The ‘+10 in the parentheses means
the next day. To investigate and optimize the NV performance
with different SFPs, three SFPs were chosen which were 0, 0.5
and 1 kW/(m3/s), representing the natural NV (Case 1), medium
SFP mechanical NV (Case 2), and high SFP mechanical NV
(Case 3), respectively. The SFPs all fulfilled the recommended
‘good-practice’ SFP for night cooling should not be higher than
1 kW/(m3/s) based on the technical note AIVC 65 [41]. Table 2 lists
the parameters related to NV.

2.3. Global sensitivity analysis

Global sensitivity analysis methods can investigate the influ-
ences of all input parameters on output variables simultaneously,
compared to screening methods and local sensitivity methods
[42]. This paper adopted the most widely used global sensitivity
analysis method, i.e. the regression method, to identify the key
parameters related to NV performance on building energy/thermal
performance. One reason is that this method is less computation-
ally expensive and easy to understand. Another reason is that this
method can avoid the drawbacks of local sensitivity analysis,
which only explores a reduced space of the input factor around a
base case, does not consider the interaction, and does not have
self-verification. Several sensitivity indicators based on the
regression method have been used in building energy analysis
[27,43–45]. Standardized Rank Regression Coefficient (SRRC) with
Monte Carlo analysis (MCA) was selected to quantify the impact
of each parameter as it allowed the evaluation for non-linear but
monotonic functions among inputs and outputs [45]. The SRRC
is calculated by performing regression analysis on rank-
transformed data (i.e. input parameters and output variables)
rather than the raw data. The larger the absolute value of SRRC,
the more influential the input parameter is. SRRC should be used
when samples are generated with the LHS method which fully cov-
ers the range of each input parameter [46]. The sample size based
on LHS was chosen to be 400 as the minimum size should be bigger
than 10 times the number of input parameters [45]. SimLab gener-
ates the 400 samples based on the aforementioned method before
sending them to jEPlus. Then, jEPlus generates building simulation
model descriptions (jep file) based on the job list from SimLab to
run the EnergyPlus and collects the results (cf. Fig. 1). Finally,
SimLab gets the results from jEPlus and conducts the sensitivity
analysis by calculating the sensitivity measures (i.e. SRRC).

Table 3 shows the range and distribution of the independent
parameters related to NV performance. Since the paper aims to
quantify the effects of different building design options rather than
exploring the possible range of thermal performance for an exist-
ing building, the distributions for these parameters should be
uniform or discrete [42]. Because there are infinite possible time
plans theoretically for night ventilation during 17:00–08:00 (+1),
to simply quantify the order and size of the night venting duration,
15 time plans with 1-hour intervals were selected, representing
the night venting duration ranging from 1 h to 15 h. The upper
limit of minimum indoor temperature setpoint was chosen

Table 1
Thermophysical properties of building materials and detailed composition of the thermal mass.

d (mm) q (kg/m3) c (J/kg/K) k (W/m�K) Total cdyn/Afloor (kJ/m2�K)
External wall 236.2
Plasterboard (fire-resisting) 160 900 1000 0.25
Concrete 200 200 2385 800 1.2
PUR 210 210 40 1400 0.021
Cement plate 15 2000 1500 0.35
Internal wall
Gypsum board 25 1000 792 0.4
Mineral wool 70 1750 1000 0.56
Gypsum board 25 1000 792 0.4
Ceiling
Cast concrete 120 120 1800 1000 1.13
Floor
Linoleum 3 1200 1470 0.17
Cement screed (fiber reinforced) 50 1400 1000 0.8
Acoustic insulation 9 556 1700 0.15
OSB panels 25 600 2150 0.13
Insulation glass wool 200 28 1030 0.032
Wooden panels 60 250 2100 0.047
Internal thermal mass
Cast concrete 100 100 1800 1000 1.13
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according to the design criteria of thermal conditions in summer in
EN 15251 [38]. The upper limit of night ventilation ACH originated
from the lowest temperature for cooling in the office room of cat-
egory III in EN 15251 [38]. The upper limit of SFP was selected
according to the technical note AIVC 65 that recommends ‘good-
practice’ SFP for night cooling not exceeding 1 kW/(m3/s) [41].
The total cooling energy consumption (TCEC) which included the
energy consumption of AC plus NV and the average predicted per-
centage of dissatisfied during occupied hours of 08:00–17:00
(aPPD) were selected as the output variables for the evaluation of
the building energy and thermal performance.

2.4. Omni-optimizer

This study uses omni-optimizer, an evolutionary optimization
algorithm for single and multi-objective optimization that belongs
to the category of generational genetic algorithms (GAs). Omni-
optimizer originates from a widely used generic NSGA-II (Non-
dominated sorting genetic algorithm II) algorithm that finds the
Pareto optimal solutions for a multi-objective problem. Further-
more, it has high efficiency of adapting automatically to handle
four types of optimization problems: ① Single-objective, uni-
optimal; ② Single-objective, multi-optima; ③ Multi-objective,
uni-optimal optimization; ④ Multi-objective, multi-optima opti-
mization [47]. Omni-optimizer also integrates a high-efficiency
constraint handling mechanism to process any amount of equality
and inequality constraint conditions [48]. The constrained M-
objective (M � 1) minimization problem can be posed mathemat-
ically as follows:

Minimize (f1(x), f2(x),. . ., fM(x)),
Subject to gj (x) � 0, j = 1, 2,. . ., J,

hk xð Þ ¼ 0; k ¼ 1; 2; . . . ;K ð1Þ

xðLÞi � xi � x Uð Þ
i ; i ¼ 1;2; � � � ;n:

where x is the solution vector and n is the number of decision vari-
ables. j and gj(x) are the numbers of inequality constraints and their
vector, while k and hk (x) are the number of equality constraints and

their vector, respectively. The solution vector x that satisfies all
aforementioned constraints and variable bounds is regarded as a
feasible solution. Mathematically, the optimality of a solution
depends on a number of KKT (Karush–Kuhn–Tucker) optimality
conditions which involve finding the gradients of objective and con-
straint functions [49]. This study aims at finding the minimum TCEC
while maintaining the aPPD within a certain range, which belongs
to the type 1 optimization problem as mentioned above.

3. Results and discussion

3.1. NV performance demonstration

Before the global sensitivity analysis and optimization, it is
essential to reveal the NVmechanism and demonstrate the NV per-
formance through the simulation. The base case is the building
model introduced in Section 2.2 without NV. The NV case 2 (i.e.
SFP of 0.5 kW/(m3/s)) was selected for the NV performance
demonstration.

Fig. 4 shows the simulated data of zone air temperature, inter-
nal thermal mass surface temperature and hourly fan/AC energy
consumption of the base case and case 2 in a typical summer day
(July 29 to July 30). On the selected night (i.e. 17:00 to 08:00),
the ambient air temperature fluctuated between 13.7 �C and
16.9 �C, which was very suitable for NV. The zone air and internal
thermal mass surface temperatures of the base case varied slightly
at night, remaining at about 27.8 �C and 28.1 �C, respectively. The
reason is that the excess heat stored in the building elements at
daytime was released which neutralized the heat loss through
the building envelope. Whereas for case 2, due to the fans’ opera-
tion, the zone air temperature and the internal thermal mass sur-
face temperature were much lower than for the base case at
night, and the maximum temperature differences can be 9.3 �C
and 7.4 �C, respectively. The fan energy consumption at night
was 2.7 kWh.

At 08:00 on July 30, the zone air temperatures of the base case
and case 2 were 27.8 �C and 19.4 �C, respectively. Because the AC
setpoint was 24.5 �C, the AC began to work for the base case at
08:00, while AC was postponed to operate for the base case with
NV until 12:45 by about 5 h. Therefore, for the base case, the zone
air temperature began to reach the AC setpoint after 08:00, while
the internal thermal mass surface temperature continued to
remain steady, presumably due to the energy balance between
the heat gain of the internal thermal mass and the heat removed
by the AC. However, for case 2, both the temperatures began to
go up after 08:00. The zone air temperature rose faster than the
internal thermal mass surface temperature and reached to AC set-
point after 12:45, while the surface temperature did not reach AC
setpoint until 17:00. This was because the internal thermal mass
was mainly heated by convection with room air, and thereby heat-
ing was delayed and happened after heating of the air. The AC daily
energy consumption for the base case and case 2 was 6.2 kWh and
0.4 kWh, respectively, indicating that NV saved AC energy con-
sumption. When the fan energy consumption at night was taken

Table 2
Parameters related to NV.

Parameter Unit Case 1 Case 2 Case 3

P1 Night venting duration h 17:00–08:00 17:00–08:00 17:00–08:00
P2 Minimum indoor temperature setpoint �C 18 18 18
P3 Night ACH setpoint h�1 10 10 10
P4 Activation threshold temperature �C 3 3 3
P5 Internal thermal mass area m2 20 20 20
P6 Specific fan power (SFP) kW/(m3/s) 0 0.5 1

Table 3
Range and distribution of parameters related to NV performance.

Parameter Unit Range

P1 Night venting duration h D [(17:00–18:00), (17:00–
19:00),. . ., (17:00–08:00)]

P2 Minimum indoor
temperature setpoint

℃ U [18–22]

P3 Night ACH setpoint h�1 U [0–10]
P4 Activation threshold

temperature
℃ U [1–3]

P5 Internal thermal mass
area

m2 U [0–40]

P6 Specific fan power (SFP) kW/
(m3/s)

U [0–1]

Note: D: discrete distribution (levels); U: uniform distribution (lower value, upper
value).
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into consideration, the TCEC for case 2 was 3.1 kWh, which was 3.1
kWh lower than for the base case.

Furthermore, the simulated data in Fig. 5 shows that the PPD of
the base case with NV was always higher than the base case (i.e.
without NV), especially at the beginning of the occupied hours.
The aPPD for case 2 with NV was 14.1%, 8.7% higher than the base
case. The reason was that the NV with high ACH overcooled the
indoor air and building elements in the cold climate region,

resulting in an overcooling penalty that made people feel cold at
the beginning of occupied hours.

3.2. Influence of concerned parameters on building energy/thermal
performance

Fig. 6 illustrates the influence of the six parameters presented in
Table 3 on the TCEC and aPPD. A larger absolute value of SRRC

Fig. 4. Comparison of zone temperatures and energy consumption of the base case and case 2 with NV in a typical summer day (July 29 to July 30).

Fig. 5. Comparison of PPD of the base case and case 2 at a typical summer daytime (July 30).
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means the related parameter is more influential on the corre-
sponding output. Besides, a positive sign of SRRC indicates that
the output generally increases as the related input increases, while
a negative sign of SRRC means that changes in the input and output
tend to go in opposite directions [44]. Night venting duration is the
most influential parameter on TCEC, followed by the night ventila-
tion ACH, SFP, and internal thermal mass area. The minimum
indoor air temperature setpoint and activation threshold tempera-
ture for night cooling activation have little influence on TCEC. The
more night cooling (i.e. longer night venting duration and more
ACH), the lower TCEC. On the contrary, increasing the SFP and
internal thermal mass area tends to consume more TCEC.

For aPPD, night venting duration also has the greatest impact,
followed by the internal thermal mass area, night ventilation
ACH, and minimum temperature setpoint. The threshold tempera-
ture and SFP are not important parameters for the aPPD. Contrary
to the impact of night cooling on TCEC, the more night cooling, the
more aPPD. It indicates that more night cooling generally con-
tributes to saving more TCEC by postponing or reducing the AC
operation, but also results in the overcooling penalty at the begin-
ning of the working day in the cold climate region. Adding the
internal thermal mass area tends to reduce the aPPD while increas-
ing the minimum temperature setpoint tends to affect the aPPD
inversely. This is presumably because when NV cools a heavy ther-
mal mass level sufficiently, it will remain at a low surface temper-
ature for a longer time during occupied hours, thereby leading to a
colder indoor thermal environment. Whereas a higher minimum
temperature setpoint can reduce the risk of overcooling phenom-
ena by NV and decrease the aPPD.

3.3. Optimization

3.3.1. Optimization setup
The global sensitivity analysis in Section 3.1 manifested that the

activation threshold temperature was not a key parameter. Hence,
there was no need to optimize it, and it was kept at 3 �C. Besides,
the SFP was not optimized as it was an intrinsic parameter once

the fan was selected. Cases 1, 2, 3 listed in Table 2 were selected
to compare and optimize the NV performance. It is worth noticing
that the airflow rate of natural NV is determined/influenced by
many factors in real life, like the climate condition, window open-
ing, building orientation, etc. This study focuses on optimizing the
airflow rate at night and evaluating the influence of the optimal
airflow rate on the building cooling energy and indoor thermal
comfort; therefore, how using natural NV can achieve the optimal
airflow rate is not an issue in this study. It is also worth noticing
that even though the NV is equipped with the variable flow rate
fan, it only operates at a constant airflow rate during the entire
nighttime under the general scheme when the activation threshold
temperature is met and minimum indoor air temperature is not
violated. This is due to the lack of indoor air temperature setpoint,
which cannot vary the airflow rate. The reason why there is no
indoor air temperature setpoint is that the basic concept of NV is
to utilize most of the cooling potential of ambient air when office
buildings are not occupied.

The optimization aims at finding the optimal night ACH set-
point at each hour. Hence, the variable flow rate fan was selected.
According to the technical note AIVC 65 [41], the SFP at each part-
load operating point can be estimated as a function of the fraction
of maximum flow rate (r) by the following generic equation for
0.2 � r � 1.0:

SFPpart load

SFPmax load
� aþ br þ cr2 þ dr3 ð2Þ

Fig. 7 illustrates the different levels of the fan performance
curve. The ‘Good’ performance curve was selected, which
represents systems for which the fan pressure decreases with the
airflow rate. The coefficients of a, b, c, and d for use in Eq. (2) were
0.5765, �1.5030, 2.6557, and �0.7292 respectively. The maximum
SFPs for the medium SFP mechanical NV (Case 2), and high SFP
mechanical NV (Case 3) were both at the maximum ACH of
10 h�1. The fraction of maximum flow rate (r) at each hour for
mechanical NV should be between 0.2 and 1.0 (i.e. ACH of 2 to

Fig. 6. Standardized Rank Regression Coefficient (SRRC) of the concerned parameters.
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10 h�1) or 0 (i.e. stop ventilation). While for natural NV, the frac-
tion r was between 0 and 1.0 (i.e. ACH of 0 to 10 h�1) at each hour
for optimization.

To reduce the computational effort and staying close to reality,
discrete distributions rather than continuous distributions were
selected. Several simplifications and modifications were conducted
to improve the simulation and optimization speed:

1) The night ventilation ACH setpoint between 17:00–08:00
(+1) at each 1 h was optimized with a discrete variable from
0 to 10 h�1 with a step of 0.1 h�1 for natural NV, while 0 or 2
to 10 h�1 with a step of 0.1 h�1 for mechanical NV,

2) The internal thermal mass area was optimized with a dis-
crete variable ranging from 0 to 40 m2 with a step of
0.1 m2, and

3) The minimum indoor temperature setpoint was optimized
with a discrete variable from 18 to 22 �C with a step of
0.1 �C.

Table 4 summarizes the parameters to be optimized for cases 1,
2, and 3. The population size, maximum generation number, muta-
tion probability, and crossover number, were set as 16, 150, 0.167,
and 0.9 respectively by compromising the computational effort
and the accuracy [50].

This study aims at minimizing the TCEC while maintaining the
aPPD at a certain range. Furthermore, different constraint levels

can be selected, according to the recommended categories of PPD
for the design of mechanical cooled buildings in EN 15251 [38].
This study aims at maintaining the same thermal comfort level
as in the base case (i.e. the basic building without NV). The simu-
lated aPPD of the base case during the whole simulation period
was 7.5%; this was selected as the constraint. Therefore, the opti-
mization problem can be formulated as:

min TCEC ¼ CAC þ CNV ð3Þ

subject to aPPD < 7:5% ð4Þ
where CAC and CNV stand for the AC energy consumption at daytime
and NV energy consumption at night, respectively.

3.3.2. Optimization results
Fig. 8 integrates the solutions during the optimization proce-

dure by the omni-optimizer for cases 1, 2, and 3. For the single-
objective minimization with the constraint problem, the omni-
optimizer utilized the penalty-parameter-less approach to put
two solutions in the constrained-tournament selection operator
proposed in [51] to determine if a solution is better than the other.
The above selection operator fulfilled the following criteria: 1) A
feasible solution was always better than an infeasible solution, 2)
A feasible solution with better objective function value was pre-
ferred to another feasible solution, and 3) An infeasible solution
with smaller constraint violation was better than another infeasi-
ble solution. Apart from the dominated solutions of three cases,
the non-dominated solutions in each case fulfill the Pareto front,
which is similar to the multi-objective optimization. It reveals
the conflict between the two indicators.

Fig. 9 shows the simulated aPPD and TCEC of the research cases.
When the base case is equipped with different SFPs NV (i.e. cases 1,
2, 3), the TCEC significantly decreases by 0.5 kWh/m2 (8.8%) to
4.7 kWh/m2 (82.5%). Even the high SFP mechanical NV can save
8.8% TCEC compared to the base case. However, adopting NV with
a general scheme worsens the indoor thermal comfort by increas-
ing the aPPD from 7.5% to about 15%. After the optimization, all
three optimal cases improve the indoor thermal comfort and fulfill
the constraint (i.e. aPPD less than 7.5%). The optimal cases 2 and 3
further save 0.4 kWh/m2 (7.1%) and 2.2 kWh/m2 (38.6%) TCEC of
the cases 2 and 3, respectively. It means that a higher SFP yields
a greater total cooling energy-saving potential by optimization.
Even though the optimal case 1 consumes 1.2 kWh/m2 more TCEC
than case 1, it is still worthy optimizing the natural NV as the over-
cooling penalty is avoided and the optimal natural NV still saves
much TCEC compared to the base case.

Fig. 10 shows the parameters of the research cases. The area and
temperature in the parentheses of the legend are the internal ther-
mal mass area and minimum indoor air temperature setpoint of
the corresponding case. The value in the Y-axis represents the
night ACH setpoint at each hour. Compared to cases 1, 2, 3, the
internal thermal mass areas and night ACH setpoint at each hour
of the optimal cases are smaller, but the minimum indoor air tem-
perature setpoints of the optimal cases are higher. The optimal
internal thermal mass areas are reduced to 8.7 to 10.4 m2, which
is equivalent to 22.1 to 26.4 kJ/m2�K dynamic heat capacity per unit
floor area (cdyn/Afloor) reduction. The optimal minimum indoor air
temperature setpoints vary from 21.2 �C to 21.6 �C. The optimal
minimum indoor air temperature setpoints are close to the upper
limit (i.e. 22 �C) of this parameter setup, which indicates this set-
point values should not be too low in the cold climate region. There
is no big difference between the two optimal parameters men-
tioned above among the three optimal cases.

However, the optimal night ACH setpoints at each hour during
the night are very different from each other. However, all of them
are less than 10 h�1 of cases 1, 2, and 3. All the optimal cases tend

Fig. 7. Illustration of Eq. (1) for Poor, Normal, Good, and Ideal systems [41].

Table 4
Range and distribution of parameters for NV optimization of cases 1, 2, and 3.

Parameter Unit Range

O1 Night ventilation ACH
setpoint

h�1 D [0–10] with step 0.1 h�1 at each
hour for natural NV
D 0 or [2–10] with step 0.1 h�1 at each
hour for mechanical NV

O2 Minimum indoor
temperature setpoint

℃ D [18–22] with step 0.1 �C

O3 Internal thermal mass
area

m2 D [0–40] with step 0.1 m2

Note: D: discrete distribution (levels).
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to decrease the night ACH setpoint severely before the occupied
hours. Fig. 11 illustrates the average night ACH for different cases.
The average night ACHs of optimal cases decrease by 4.1 h�1 to
5.2 h�1, compared to cases 1, 2, and 3. The average night ACH of
optimal case 3 is the lowest among the three optimal cases, while
that of the optimal case 1 is the highest. The average night ACHs of
cases 1, 2, and 3 are a little different and are not equal to the

setpoint of 10 h�1. One reason is that the room inlet air at night
can be heated by the intake fan power that will influence the zone
air temperature to some extent. In consequence, the case 3 with a
higher SFP needs more night cooling. Another reason is that the
threshold temperature (i.e. 3 �C) of NV stops the ventilation when
the temperature difference between indoor and outdoor air is not
met.

Fig. 8. Optimized solutions for cases 1, 2, and 3.

Fig. 9. The values of TCEC and aPPD of the research cases.
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4. Limitations and prospect

From the authors’ perspective, current limitations can be
described as follows:

� This study optimized different parameters based on the TMY
data, especially the night ACH setpoint at each hour. It may

result in the NV performance of certain days under real weather
conditions deviating from expectations or not as good as the
case adopting the advanced adaptive control algorithm like
weather predictive control or model predictive control.

� Natural NV was simplified in this study, which was inherently
unstable and highly dependent on the local climate condition,
building orientation, window size or window automation sys-

Fig. 10. Parameters related to NV of the research cases.

Fig. 11. Average night ACH of the research cases.
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tem, etc. The expected night ACH for the optimal natural NV
may not be fulfilled with the real natural NV system under
the real circumstance. However, this study has the potential/
ability to optimize the hourly opening availability of windows
and ventilation control zone temperature setpoint of a real nat-
ural NV system modeled with the AirflowNetwork model in
EnergyPlus under the same objective and constraint. It should
be noticed that even optimizing the control parameters of a real
natural NV may still not fulfill the optimal natural ACH shown
in this study. Because the actual possibility to reach the optimal
ACH also depends on the architectural design, the building loca-
tion, and the local wind environment that were not included in
this study.

� Only a single case roomwas optimized in this study. One reason
was that this study devoted to putting forward a method/ability
to optimize the NV performance, which was also applicable for
multiple rooms or the whole building. Another reason was to
reduce the computation time and analyze the optimal results
easier and clearer. It is worth noticing that even though the
optimal solutions of different rooms or the whole building
may differ, the optimal result (i.e. TCEC and aPPD) or trend
was also applicable for other cases. As the heat gain of the case
room should be much higher than other rooms, but this room
still met the overcooling penalty under the high-ACH scenario.
Therefore, the same problem will occur in other rooms. Under
the same objective and constraint with the omni-optimizer,
similar optimal results are expected for other rooms or the
whole building.

Overall, the key to obtaining the best NV performance was the
match between the cooling potential of NV and the excess heat
stored/ released in thermal mass. This study proposed a generic
evolutionary algorithm to find that ‘match’ in the approximate
infinite combinations, compared to the finite combinations of
NV optimization [91052]. Different from the aforementioned
advanced control algorithms that generally manipulate a single
variable and optimize the building performance based on a given
building, this method focused more on guiding engineers or
designers at the early building design stage. Furthermore, models
identified through the mathematical method from the real
building operation data for advanced control algorithms can
only maintain the indoor air temperature rather than more
precise thermal comfort indicators (e.g. PMV, PPD) within a
certain range [53].

Apart from the optimization of the thermal mass amount in this
study, the method is also flexible to investigate the optimal param-
eters related to the excess heat storage and release in the thermal
mass; for instance, the insulation level, internal heat gain, thermal
mass material (e.g. PCM), daytime cooling methods or related con-
trol parameters, etc. As alluded to above, the omni-optimizer has a
high efficiency to adapt automatically to handle four types of opti-
mization problems, which can fulfill the different requirements of
research and design. The objective or constraint can also be
selected based on the research/design purpose. For example, the
objective can be to minimize the energy cost based on the real
electricity price or utility rate.

5. Conclusion

This study proposes a systematic approach to optimize the NV
performance in terms of energy use and thermal comfort. The
case study is a three-story office building equipped with daytime
air conditioning and an NV system in Aarhus, a city in a cold cli-
mate region in Denmark. An NV performance simulation is con-
ducted to demonstrate the NV mechanism. Then, a global

sensitivity analysis is carried out to explore the impact of night
venting duration, minimum indoor temperature setpoint, night
ACH setpoint, activation threshold temperature, and internal ther-
mal mass area and SFP on NV performance. The key design
parameters are then optimized based on an evolutionary algo-
rithm to minimize total cooling energy consumption while main-
taining the indoor thermal comfort within a reasonable range.
Based on the results of the case study, the following conclusions
can be made.

� A medium SFP NV with a general scheme can reduce the zone
air temperature and internal thermal mass surface temperature
by up to 9.3 �C and 7.4 �C, respectively on a typical summer day.
It can also postpone the air conditioner operation for about 5 h
and save 3.1 kWh TCEC compared to the case without NV. How-
ever, by increasing aPPD from 5.1% to 14.1% on the selected day,
the NV may overcool the indoor air and building elements to
worsen the indoor thermal comfort.

� For TCEC, night venting duration is the most influential param-
eter, followed by the night ventilation ACH, SFP, and internal
thermal mass area. While for aPPD, night venting duration also
has the greatest impact, followed by the internal thermal mass
area, night ventilation ACH, and minimum temperature set-
point. Activation threshold temperature is an insignificant
parameter for NV performance.

� Different SFPs NV under a general scheme saves TCEC by
0.5 kWh/m2 (8.8%) to 4.7 kWh/m2 (82.5%) compared to the base
case but increases the aPPD from 7.5% to about 15%. After the
optimization, all the optimal cases improve the indoor thermal
comfort and fulfill the constraint of 7.5%. The optimal medium
and high SFP mechanical NV further save 0.4 kWh/m2 (7.1%)
and 2.2 kWh/m2 (38.6%) TCEC respectively, compared to the
corresponding case without optimization. The higher the SFP,
the greater the saving potential of TCEC by optimization. Even
though the optimal natural NV consumes more than twice as
much TCEC as the case without optimization, the natural NV
still deserves optimization as the overcooling penalty is avoided
and the optimal natural NV still saves more TCEC compared to
the case without NV.

� The optimal cases reduce 8.7 to 10.4 m2 internal thermal mass
area compared to the cases without optimization, which is
equivalent to 22.1 to 26.4 kJ/m2�K dynamic heat capacity per
unit floor area reduction. The optimization elevates the mini-
mum indoor air temperature setpoint to 21.2 �C to 21.6 �C.
There is no much difference between the two optimal parame-
ters mentioned above between the three optimal cases. How-
ever, the optimal night ACH setpoints at each hour at night
are much different from each other, but both less than 10 h�1

of the corresponding case without optimization.
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