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Abstract 

 

Abstract  

Buildings are responsible for a significant portion of global energy consumption, accounting for approximately 34% of 

the total energy use. There is a pressing need to reduce energy consumption in the building sector. The radiant ceiling 

panel (RCP) system is an energy-efficient alternative to conventional heating and cooling systems. The open-type RCP 

system is defined as the radiant panels suspended from the ceiling with an open area above the panels. This system enables 

the use of higher inlet water temperatures in summer and lower inlet water temperatures in winter to prevent surface 

condensation and ensure the efficient operation of the integrated energy system. Nevertheless, the open-type RCP system 

still faces practical challenges such as adverse effect from the solar radiation through windows, long response time, and 

lack of knowledge regarding efficient operation settings. A novel open-type RCP with curved and segmented structure 

was proposed to enhance the convective heat transfer, aiming to improve the system efficiency. The main targets of this 

thesis are to (1) verify the thermal performance of this novel RCP system under different operating conditions, (2) optimize 

the design of this novel RCP system to improve the cooling capacity and reduce the effect from building envelopes, and 

(3) optimize the operation of this novel RCP system in terms of both thermal comfort and energy saving. 

Chapter 1 is an introduction that presents the research background, describes the motivation and target of this study, and 

presents the thesis structure.  

Chapter 2 explains the radiant ceiling panel system, along with an overview of the research hotspots in this field. The 

optimization of the RCP system is reviewed, covering aspects of panel structure and arrangement, integrated system 

design, and control strategies. The introduction of the novel open-type RCP system and the optimization methods applied 

in this thesis is also presented.  

In Chapter 3, a series of laboratory experiments under different operating conditions were carried out to investigate the 

cooling performance of the novel RCP system. The results indicate that the curved and segmented structure enhances both 

radiation and convection, especially the convective heat transfer coefficient obtained with this panel was larger than other 

panel types. Subsequently, a field study was conducted in an office building to examine this novel RCP system throughout 

a year in practice. The experimental measurement illustrates that the application of the novel RCP system can achieve a 

comfortable indoor thermal environment. More than 70% of the staff selected the neutral level in the thermal sensation 

votes (TSV). In addition, the energy performance of the integrated RCP and groundwater heat pump (GWHP) system 

were investigated, and the intermittent and continuous operation methods were compared during winter. Compared with 

intermittent operation, the continuous operation could improve both the system performance and indoor thermal comfort. 

In Chapter 4, A three-dimensional CFD simulation model was developed to simulate the thermal process of the novel 

RCP system used in an enclosed space and validated with the measurements provided in laboratory experiments. Firstly, 

the design of the novel open-type RCP was optimized to maximize the cooling capacity. Panel structure was determined 

based on six design parameters. The sensitivity analysis was conducted based on the simulations and concluded that void 

distance plays the most crucial role in influencing cooling performance. Secondly, an integrated the novel open-type RCP 

with a wall-attached ventilation (WAV) system was proposed to prevent the warm air stream that floats from the window. 

The result indicated that applying the ventilation system with the ceiling inlet and the ceiling outlet is more effective than 

installing the ceiling inlet and the floor outlet. After that, the surface response and sensitivity analysis of the operating 

condition are carried out to optimize the integrated system. 

In Chapter 5, a simplified thermal resistance and capacity (RC) network model was developed for the open-type RCP 
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system. The model was validated using measurements from the field study. The results demonstrate that the model 

accurately predicts indoor thermal conditions, and parameter identification by the Least-Square Method (LSM) is effective 

for this system. Following the optimization based on the RC-network model, the system operation was improved with the 

objective of achieving the desired room temperature while minimizing energy consumption. The optimization addressed 

issues such as the temperature not reaching the target in the morning due to long response time, and it eliminated problems 

like overheating and overcooling. In addition, the life cycle cost was calculated to show the benefits of optimization. 

In Chapter 6, the research concludes with a summary of key findings, and potential future research directions are 

outlined. 

In summary, this thesis demonstrated that the novel RCP system with curved and segmented structure can enhance heat 

transfer efficient. The novel RCP are optimized to achieve better indoor thermal condition, energy savings and cost 

reduction using advanced methodologies. This thesis contributes to the widespread adoption of the radiant ceiling panel 

system. The results of this thesis also have significant practical implications for reducing building energy consumption 

while maintaining the indoor thermal comfort and moving toward a zero-emission society in the future. 
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1.1 Background 

1.1.1 Greenhouse gas emission reduction target 

Energy is a crucial foundational element for the survival and progress of humanity. Greenhouse gases (GHG), 

such as carbon dioxide, methane, and nitrous oxide, are emitted into the atmosphere as a result of energy utilization 

and human activities, including the burning of fossil fuels (coal, natural gas, and oil), treatment of waste, and 

agricultural practices. Recently, the energy consumption is increasing significantly with the rapid development of 

the industrialization and improved of living [1-3]. As shown in Fig. 1-1 [4], greenhouse gas emissions have 

experienced an explosive trend in the past century.  

 

 

Fig. 1-1 Greenhouse gas emissions [4] 

 

The excessive release of greenhouse gas will lead to various environmental issues including global warming, 

extreme weather events, sea level rise and biodiversity loss. While, the use of fossil fuels will also cause serious 

environmental issues, like air and water pollutions, which can cause respiratory problem and pose threats to human 

health. To prevent the reverse consequences and achieve sustainable development, it is imperative to reduce energy 

consumption and greenhouse gas emissions. In the meanwhile, clean energy derived from renewable resources like 

sunlight, wind, water, and geothermal heat is also being noticed for its environmental benefits. There is a need to 

increase the proportion of non-fossil energy in the energy mix and promote the clean and efficient use of fossil 

energy [5-6].  

It is widely accepted that a zero-emission society should be achieved worldwide in the second half of the 21st 

century [7]. In December 2015, the Paris Agreement [8] was adopted by 196 Parties to establish a global goal on 

climate change to ensure sustainable development. The greenhouse gas emission must be peak before 2025 at the 

latest and reduced by 45% from 2019 levels by 2030. There is also an expectation to achieve net zero emissions by 

2050. The Asia-Pacific Economic Cooperation (APEC) [9], consisting of 21 country members, aims to reduce 

energy intensity by 45% from 2005 levels by 2035 and double the share of renewable energy in the energy mix 

between 2010 and 2030. Table 1-1 [10] summarizes the 2030 and 2050 targets for GHG emissions published by 
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some major economies. 

 

Table 1-1 2030 and 2050 targets for GHG emissions 

Country/region 2030 Emission reduction target 2050 Net zero target 

Japan -46% from 2013 Expressed 

Korea -24.4% from 2017 Expressed 

China (1) Strive to reach the peak of CO2 

emissions by 2030. 

(2) Lower CO2 emissions per unit 

of GDP by over 65% from 2005. 

Net zero CO2 by 2060 

Canada -40% to -45% from 2005 Expressed 

EU, France, Germany, Italy At least -55% from 1990 Expressed 

UK At least -68% from 1990 Expressed 

USA -50% to -52% from 2005 Expressed 

 

1.1.2 Zero energy building (ZEB)  

Currently, buildings are a major primary energy consumer, costing approximately 34% of the total energy 

consumption and 37% of energy-related greenhouse gas emissions worldwide [11], as shown in Fig. 1-2 and Fig. 

1-3. Thus, promoting the concept of zero energy building (ZEB) was considered the most efficient way to respond 

to the goal in the building sector. Zero energy building (ZEB) or net zero energy building (nZEB) [12,13], and some 

derived concepts, such as zero energy emission building, zero energy cost building, and zero carbon building have 

been proposed. These aim to reduce more overall release of greenhouse gas emissions into the atmosphere than 

similar non-zero energy buildings [14]. The defining scope and assessment index of ZEB (nZEB) is still open to 

discussion, considering different goals, which include equal energy generation, usage, energy costs equal to zero, 

or net zero greenhouse gas emissions [15]. Moreover, depending on different climatic and geographic characteristics 

as well as different building functions (residential or commercial), each country has its classification, initiatives, and 

national ZEB policies [16]. Fig. 1-4 [17] provides an overview of the ZEB certification system in each country, 

including certification organizations, start year, and number of recent projects.  
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Fig. 1- 2 Share of buildings in total final energy consumption in 2021 [11] 

 

 

Fig. 1-3 Share of buildings in global energy and process emissions in 2021 [11] 

 

 

Fig. 1-4 ZEB certifications in different economies [17] 
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In Japan, the Society of Heating, Air-Conditioning, and Sanitary Engineers (SHASE, 空気調和衛生工学会) 

released the definition of ZEB and the evaluation method for ZEBs in 2015. ZEBs are defined as buildings that can 

reduce the annual net primary energy consumption to zero through renewable energy, highly efficient systems, and 

control of the building load through advanced architectural designs (Fig. 1-5). The primary energy consumption of 

the reference building should be calculated based on the standard given for each facility, region, and room function, 

according to the Japanese law on energy-saving published by the Ministry of Land, Infrastructure, and Transport 

(MLIT, 国土交通省) [18]. The Ministry of Economy, Trade, and Industry (METI, 経済産業省) issued a national 

definition of ZEB in four stages to promote its widespread use: ZEB (100% decrease in primary energy 

consumption), nearly ZEB (75% decrease), ZEB ready (50% decrease), and ZEB oriented (40% or 30% decrease) 

[17,19]. 

The basic requirement of a ZEB is a high-performance building envelope that can maintain indoor thermal 

comfort, irrespective of extreme conditions in the external environment [20]. On the other hand, the heating, 

ventilation, and air conditioning (HVAC) systems account for approximately half of the total energy consumed by 

buildings. Therefore, several advanced technologies for HVAC systems have been developed to achieve the use of 

ZEBs and the future goal of a zero-emission society [21]. Renewable technologies exhibit strong regional 

characteristics [22]. For example, the air heat recovery systems, the radiant heating and cooling (RHC) systems, 

and the ceiling fans are popular HVAC related technologies worldwide. The displacement ventilation and the 

independent temperature and humidity control systems have been applied primarily in China and the US, while the 

evaporative cooling and the chilled beams are preferred in the EU. 

 

 

Fig. 1-5 Definition of ZEB in Japan 

 

1.1.3 Radiant heating and cooling (RHC) system 

As mentioned in Section 1.1.2, the radiant heating and cooling (RHC) systems are typically used to achieve ZEB 

and are accepted worldwide. The modern radiant system has been developed during the few last decades since the 

1900s, started by the British professor A.H.barker [23]. This system mainly exchange heat through radiation within 
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a conditioned space [24]. In this system, thermal mediums (such as water) are heated or cooled and circulated 

through a network of pipes embedded in building structure (such as floors, walls, or ceilings) or radiant panels. The 

surfaces are heated or cooled accordingly as the medium flows through the envelope or panels. Then the heat is 

exchanged with objects and other surfaces within a space based on their surface temperature difference.  

Compared to conventional methods that rely on the distribution of heated or chilled air, the radiant system may 

provide equal or better comfort and has higher energy efficiency concluded by the experimental and simulation 

studies [25–27]. First, the radiant systems can create a more consistent temperature profile and eliminate noise 

during operation. Second, the characteristic of low-temperature heating and high-temperature cooling has the 

potential to reduce energy consumption. Moreover, the utilization of water as the thermal media in RHC systems 

provides the advantage of direct utilization or integration with renewable energy technologies, such as geothermal 

systems. Hence nowadays the RHC system has gained popularity in diverse building types [28] and space [29], 

even including the airports [30], as an effective strategy for low-energy consumption [31].  

The RHC system can be classified into different types based on four main factors: (1) the position (ceiling, floor, 

or building structure); (2) the operation mode (heating, cooling, or both); (3) water pipe position and (4) whether 

insulation is included.  

Many comprehensive literature reviews on various aspects of the RHC system have been published to describe 

this system. Rhee made a significant overview of the RHC system from the published papers through 50 years 2 

and strengthened the important research issues [24], covering almost all the research methods, topics, and trends of 

this system. The determination of the heat transfer coefficient [32] and cooling load calculation methods [33] of the 

radiant system were suggested for design and simulation usage. The practical projects for various purposes 6 and 

diverse advanced RHC systems [34–36] were elaborated regarding the system feasibility, properties, heating and 

cooling performance, and existing application problems. The hot points in the research on the RHC system, such as 

the actual thermal comfort sensation of occupants [37], integrated ventilation system configuration [38,39], 

condensation prevention for radiant cooling [40], and incorporated phase change materials [41] also have been 

discussed. In this sense, the review articles highlight the current state, key focus areas, and limitations of the RHC 

systems and subsequently figure out future research directions. 
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Fig. 1-6 Classification of RHC system in literatures 

 

However, the adoption of the RHC system still has been limited, and this can be attributed to several factors: 

⚫ High initial cost 

The installation and implementation of RHC systems often involve higher upfront costs compared to 

conventional heating and cooling systems. 

⚫ Risk of dew condensation in summer and requirement for humidity control  

In summer, humidity control is necessary to prevent the risk of dew condensation when the surface temperature 

of the RHC system is below the dew point temperature. In addition, the RHC system only handles the sensible heat 

load. The air handling unit or ventilation system is required to deal with the latent heat load and provide outdoor air 

to maintain indoor air quality. 

⚫ Lack of capability to handle extreme heating loads and adverse effect on building envelopes 

Currently, the cooling and heating capacity of the RHC system is limited due to considerations of the 

condensation risk and the ability of water to transport heat. The limitation makes it unsuitable for applications with 

high thermal loads. Consequently, the system design and planning become necessary when apply the RHC system 

in space with high heat load densities, or even in the areas around windows with high solar radiation loads. 

⚫ Long thermal response time  

The RHC system typically exhibits a longer response time for heating and cooling compared to the conventional 

systems mainly based on convective heat transfer [42]. Recently, the phase change materials (PCM) is used to 

integrated with some RHC systems to offset and reduce the peak load. It is also crucial to consider the thermal 

response in such cases. 

⚫ Lack of knowledge about system design and operation control  

The integration of the RHC system with ventilation and heat sources requires a sophisticated design and control 

method that considers both indoor thermal comfort and energy efficiency. The new improvement strategies for the 

RHC system also pose a challenge in adapting suitable operational methods. 

 



 

Chapter 1 Introduction 

7 

1.1.4 Design and control optimization of building energy system  

As states in Section 1.1.2, the buildings are responsible for approximately 40% of total energy use. Thus, it is 

highly required to reduce the building energy consumption and achieve green cities. The building energy system 

(BES) are defined as the system which are responsible for consumption of energy in buildings [43]. It usually 

consists of many sub-systems and components, making it difficult to coordinate their operation and ensure that all 

the components are running efficiently. Also, the desire for energy reduction and high thermal comfort often 

conflicts. Therefore, the design and control optimization of building energy systems play a significant role to obtain 

the optimal performance. The previous studies show that the optimization can lead to approximately 20%-50% 

energy savings, which can be generalized to achieve ZEB [44]. Table 1-2 summarized the benefits for optimization 

of BES.  

 

Table 1-2 Summary of the benefits for optimization of building energy systems 

Building types Optimized BES Benefits 

Office building [45] Chilled water setpoints and supply 

inlet temperature of RHC system 

Annual energy saving of 54% 

Mixed-mode office building 

[46] 

Dynamic mixed mode window 

controls and ventilation supply air fans 

Annual cooling energy savings of 

40% 

University building [47] Nighttime precooling of multiple 

HVAC system supply components 

Annual energy saving of 29% 

 

The optimization of the BES includes three steps in design optimization and two steps in control optimization 

[48], as shown in Fig. 1-7. It aims to aims to make BES operate with a high efficiency under different conditions. 

The optimization contains (1) Optimize the capacity of BES to avoid being both oversized and undersized system. 

(2) Optimize the component selection and system configurations such as chilled water network systems (3) 

Optimize the selection of advanced technologies with higher efficiency. (4) Optimize the design of BES considering 

the uncertainties, possible deviations, failures, or unpredicted changes. (5) Optimize the control strategies of BES, 

particularly under partial cooling or heating load. 

 

 

Fig. 1-7 Steps for design and control optimization [48] 
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As illustrated in Fig. 1-8, the HVAC systems are the main sources of energy consumption, occupies about 40% 

of total energy use in building sector. Therefore, works on the optimization of heating, ventilation, and air-

conditioning (HVAC) systems have been done the most extensively [49,50].  

 

 

Fig. 1-8 Typical energy consumption breakdown in an office building [51] 

 

The optimization of HVAC contains:  

⚫ HVAC operation parameters optimization  

Determining suitable operational parameter settings is crucial before system operation, which is closely related 

to the specifications of the HVAC system. In the conventional HVAC system (Fig. 1-9 (a)), the optimized 

operational parameters can be outdoor air flowrate, supply chilled water temperature, supply cooling water 

temperature setpoint, and static pressure in the duct system. While for the RHC system (Fig. 1-9(b)), the optimized 

operational parameters can be supply water temperature, supply water flowrate, and supply air flowrate.   

⚫ HVAC controller optimization  

The control optimization of the HVAC system is effective to prevent overheating and overcooling and avoid 

unnecessary energy waste. With the development of the artificial intelligence (AI) technologies, modern intelligent 

controllers are becoming commonplace in the building industry, including model predicted control (MPC), adaptive 

fuzzy controllers, and artificial neural network (ANN). The implementation of better controllers usually requires 

accurate modeling approach of the system. 

⚫ HVAC building design optimization 

The HVAC system energy consumption in buildings can also be reduced indirectly based on the design 

optimization of the building envelopes, such as the wall thickness, wall materials, window width, window materials 

and types of window blinds used.  
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(a) A typical conventional HVAC system 

 

 

(b) Integrated RHC and ventilation system 

Fig. 1-9 Schematic of a typical conventional HVAC system and RHC system 
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1.2 Research objectives and originality 

A novel open-type radiant ceiling panel (RCP) with curved and segmented structure was proposed to enhance 

convective heat transfer, aiming to improve the system efficiency. It is essential to practically investigate the thermal 

performance of the proposed system and demonstrate its priority in terms of the energy efficiency and thermal 

comfort. Design and control optimization of this system are necessary to expand its application and guide its usage. 

⚫ Performance analysis of the novel open-type radiant ceiling panel system 

The research objectives: 

1. Analyze the thermal performance of the novel open-type radiant ceiling panel system. 

2. Figure out the thermal comfort when applying this system in enclosed space. 

3. Calculate the annual energy consumption of the integrated RCP and groundwater heat pump (GWHP) system.  

The originalities: 

1. The system performance of the open-type RCP system is examined under different operating conditions and 

compared with other panel types.  

2.The indoor thermal comfort and energy efficiency of the system are examined in a real building simultaneously. 

3. The continuous and intermittent operation methods are compared in winter. 

⚫ Design optimization of the panel shape and integrated system with wall-attached ventilation through CFD 

simulation and sensitivity analysis  

The research objectives: 

1. Develop a CFD simulation model for the open-type RCP system. 

2. Optimize the panel shape and panel arrangement of the open-type RCP and find out the optimal panel shape. 

3. Optimize the integrated of the open-type RCP and wall-attached ventilation (WAV) system. 

The originalities: 

1. The CFD simulation and sensitivity analysis are applied together for the design optimization of the RCP system. 

2. The effect of panel design parameters on the cooling capacity is investigated and different shapes of panels are 

compared after normalization. 

3. The integrated RCP and WAV system is investigated to reduce the effect of window. The operation conditions 

and system arrangement are optimized considering both air temperature uniformity and system efficiency. 

⚫ Control optimization of the system operation based on a grey-box model 

The research objectives: 

1. Develop a simplified RC-network model for the open-type RCP system. 

2. Optimize the system operation of the RCP system based on multi-objective optimization method. 

The originalities: 

1. Carry out the optimization on a new simplified grey-box model with high accuracy.  

2. Discuss the building envelope thermal insulation and panel coverage area in terms of indoor temperature, energy 

consumption and cost. 
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1.3 Thesis structure 

The structure of this thesis is demonstrated in Fig. 1-. The arrow shows the flow and dependencies of this research. 

The thesis is a total of 6 chapters, and followings are brief description on each chapter. 

  

In Chapter 1, the introduction presents the research background and presented the research purpose. 

 

In Chapter 2, brief overviews of radiant heating and cooling system and the radiant ceiling panel (RCP) system 

are presented. The author highlights the research hotspots and development trends of the RCP system, along with a 

review of previous studies focusing on the optimization of the panel structure, panel arrangement, integrated 

systems with ventilation and energy systems, as well as system control strategies. Finally, this chapter introduces 

the basic theory of the proposed novel open-type RCP system and the methodologies used in this thesis. 

 

Chapter 3-Chapter 5 are the main content of this thesis. In Chapter 3, the thermal performance of the novel open-

type RCP with curved and segmented structure are investigated based on a chamber test in laboratory and a field 

study in an office building. The heat capacity and heat transfer coefficient are calculated under different operation 

conditions in the chamber test and subsequently compared with those of other panel types. The practical indoor 

thermal condition and energy consumption by using the RCP system are investigated in field study. Several 

operational issues of the RCP system are appeared in the experiments. 

 

In Chapter 4, the panel shape and the integrated RCP and wall-attached ventilation (WAV) system are optimized 

using CFD simulation and sensitivity analysis. A three-dimensional CFD model is developed based on the 

experimental results of chamber test introduced in Chapter 3. The panel shape is optimized to maximize the cooling 

capacity and the effect of six panel design parameters are examined through one-at-a-time (OAT) approach. The 

WAV system is integrated to eliminate the influence of the warm air stream from the window. The surface response 

and sensitivity analysis are carried out to optimize the operation of the integrated system. 

 

In Chapter 5, a simplified dynamic thermal resistance and capacity (RC) network model is developed for the 

open-type RCP system. The model is validated with the field measurements results introduced in Chapter 3. The 

system operation is optimized based on the model through multi-objective optimization method for the energy 

efficient and thermal comfort. Life cycle cost (LCC) is carried out to analysis the economic benefit of the 

optimization. Then, the building envelope thermal insulation strategies and panel coverage area setting are discussed, 

taking into account the reduction of the investment cost.   

 

Finally, Chapter 6 summarizes and discusses the brief findings obtained in this research, and finally describes 

some future subjects. 
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Fig. 1-10 Structure sketch of the thesis 
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2.1 Introduction 

This chapter briefly summarized the basic theory and methodologies used in the design and control optimization 

of the open-type radiant ceiling panel (RCP) system. In Section 2.2, an introduction to the radiant ceiling panel 

system is provided, along with an overview of the research hotspots in this field. In Section 2.3, a summary of the 

optimization of the RCP system is presented, covering aspects such as panel structure and arrangement, integrated 

system design, and control strategies. A novel open-type RCP system with curved and segmented structure used in 

this study is introduced in Section 2.4. The introduction of the optimization methods, including CFD simulation, 

grey-box modeling, sensitivity analysis and multi-objective optimization is presented in Section 2.5. 

 

2.2 Radiant ceiling panel system 

2.2.1 Overview on the radiant ceiling panel system 

The radiant heating and cooling (RHC) system are generally classified in to embedded surface system, thermally 

activated building system (TABS), and radiant panel system [1]. The radiant panel system is separate from the 

building structure, making it easier to install and renovate compared to other types of RHC systems. The radiant 

ceiling panel (RCP) system is one of the radiant panel systems that is fixed to the ceiling. The system commonly 

consists of a metal panel, a water pipe directly or indirectly touching the panel, and insulation on the top of the panel 

surface [2,3]. There are four types of radiant ceiling panel systems shown in Fig. 2-1.  

 

 

Fig. 2-1 Four types of radiant ceiling panel systems 

 

Installing the radiant panels on the ceiling can be wall space free for other uses besides cooling or heating units, 

avoid disturbing the human activities and provide a larger functional area. Therefore, the system have been a matter 

of great concern in recent decades [4]. This system has already been commercialized and produced by many 

companies, as shown in Fig. 2-2, and applied in various building types, such as high-volume halls (e.g., vehicle 

repair shops and markets) [5], office buildings [6,7], schools [8], hospitals [9], and residential buildings [10]. 

When designing radiant ceiling panel systems, the heating and cooling capacity determines the area of the panel 

as expressed from Eq. (2-1). 

𝑄 = 𝐴𝛼∆𝑇 = 𝐴𝛼|𝑇𝑎𝑖𝑟 − 𝑇𝑠| (2 − 1) 

Where Q is the heating or cooling capacity (W), A is the area of panel (m2), α is the heat transfer coefficient 

between panel surface (W/(m2·K)) and air. Tair is indoor air temperature (°C). Ts is surface temperature of panel (°C). 
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The panel surface temperature is closely related to the supply water temperature. It is suggested to be higher than 

16 °C to prevent condensation in summer. The heat transfer coefficient is determined by the specification of the 

panel, which is related to panel material and panel structure. Shinoda et al. [11] reports a literature review of the heat 

transfer coefficients for radiant heating and cooling system. As shown in Fig. 2-3, in ceiling cooling, the radiant heat 

flux has a liner correlation with ∆T, which is around 5.5 W/(m2·K). The convective heat transfer coefficients, on the 

other hand, are different for different panels, ranging from 2 to 6 W/(m2·K). The total heat transfer coefficients are 

consequently vary from 8 to 14 W/(m2·K).  

 

 

Fig. 2-2 Commercialized radiant ceiling panels  

 

 

Fig. 2-3 Measured heat flux and heat transfer coefficients of ceiling cooling [11] 
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Fig. 2-4 illustrates the heat transfer coefficients for ceiling heating systems. The radiant heat flux is linearly related 

to ΔT, resulting in a constant radiant heat transfer coefficient equal to the ceiling cooling. In contrast to ceiling 

cooling, ceiling heating resulted in minimal convective heat transfer, with the majority of heat transfer occurring 

through radiation. Thus, the total heat transfer coefficient of ceiling heating is generally ranged between 6 to 8 W/(m2

·K). 

 

 

Fig. 2-4 Measured heat flux and heat transfer coefficients of ceiling heating 

 

The design and usage of the radiant ceiling panel system also have been guided by many standards including 

ASHRAE Handbook [12], ISO 18566-3 [13], and REHVA Guidebook [14]. In ASHRAE Handbook, the radiant 

heat transfer of the RCP system can be approximated based on the panel and envelope surface temperature as 

expressed in Eq. (2-2), while the convective heat transfer coefficient differs between ceiling heating and ceiling 

cooling as shown in Eq. (2-3) and Eq. (2-4), separately.  

𝑞𝑟 = 5 × 10−8[(𝑇𝑠 + 273.15)4 − (𝐴𝑈𝑆𝑇 + 273.15)4] (2 − 2) 

 

Ceiling heating equation: 

𝑞𝑐 = 0.87(𝑇𝑠 − 𝑇𝑎)
0.25(𝑇𝑠 − 𝑇𝑎) (2 − 3) 

 

Ceiling cooling equation: 

𝑞𝑐 = 2.13|𝑇𝑠 − 𝑇𝑎|
0.32(𝑇𝑠 − 𝑇𝑎) (2 − 4) 

 

Where Ts is the effective temperature of panel surface (°C), Ta is the dry-bulb indoor air temperature (°C), AUST 

is the area-weighted temperature of all indoor surfaces of walls, ceiling, floor, windows, doors, etc. (°C).  
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2.2.2 Research hotspots and development trends of radiant ceiling panel system  

From 2020 to the writing of this paper, numerous articles discussing the radiant ceiling panel system have been 

published, with a predominant focus on the following aspects. The current research on the RCP system focuses on 

improvement and smart control. The research is mostly aimed at the widespread application of the RCP system, 

given that this system has already been commercialized. 

⚫ Heating and cooling capacity improvement 

As mentioned in Section 2.2.1, the heating or cooling capacity is influenced by the panel surface temperature and 

the specification of the panel itself. Subsequently, it may have an impact on both thermal comfort and energy 

consumption. Many studies aim to enhance the radiant and convective heat transfer to improve the efficiency of the 

panel and prevent the surface condensation through various approaches and possibly to prevent the surface. Labat 

et al. (2020) [15] focused on the panel arrangement and varied the size and number of the suspended RCP to 

highlight influence of the distribution on the radiant temperature field. Jin et al. (2020) [16] investigated the dynamic 

change of surface temperature in regulating the supply water flow. The study found that when the chilled water 

supply is closed, the condensation on the radiant ceiling panel surface can be effectively prevented. Zhong et al. 

(2022) [17] investigated the condensation heat transfer of ceiling superhydrophobic surfaces and assess the potential 

enhancement of the total heat flux of RCP with superhydrophobic treatment. Hassan and Kaood (2022) [18] 

proposed a passive enhancement approach to enhance the cooling capacity and improve the temperature uniformity 

of the RCP by internally finning the copper tubes. Shinacka and Mroz (2023) [19] studied a novel heating and 

cooling panel with a U-groove surface and aluminium monolithic structure that increases heat exchange between 

the heating–cooling medium and the panel through both experimental measurements and numerical simulations. 

⚫ Ventilation integration  

As described in Section 1.1.3, the radiant heating and cooling systems lack the capability to handle the latent heat 

and maintain a good indoor air quality. The RCP system is no exception and requires integration with a ventilation 

system for practice use. Recently, some studies evaluated the performance of an integrated RCP and ventilation 

system as summarized in Table 2-2. These studies mapped the heat transfer of the integrated system, calculated the 

radiant and convective heat transfer coefficient, and investigated various scenarios of system operations. Some 

examples for the sketch of the integrated system are shown in Fig. 2-5.   

 

(a) Guo et al. (2023) [21] 
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(b) Zhao et al. (2020) [23] 

Fig. 2-5 Sketch of the integrated RCP and ventilation system 

  

Table 2-2 Literatures of the integrated RCP and ventilation system 

Literature Ventilation system Methodology Research target 

Krusaa and Hviid 

(2021) [20] 

 

Diffuse ceiling ventilation Reduced-scale 

experiment 

 Map the heat transfer 

from the perforated 

radiant ceiling 

panel at different 

ventilation rates. 

Guo et al. (2023) [21] Upward-directed ceiling fan CFD simulation Provide generalizable 

knowledge for design, 

and 

optimization of the 

coupling operation 

parameters of ceiling-

fan integrated radiant 

ceiling cooling systems. 

Choi et al. (2023) [22] Fan Experiment and CFD 

simulation 

Develop a fan-assisted 

ceiling radiant cooling 

panel system  

to minimize the 

modification of 

architectural or 

mechanical elements 

Zhao et al. (2020) [23] Diffuse ceiling ventilation 

systems 

Experiment Introduce and analyze 

the performance of new 

ventilation and cooling 

systems where local 

micro-environment is 

created 

Jahanbin and Semprini 

(2022) [24] 

Up-supply and down-supply 

ventilations. 

CFD simulation Investigates the 

integrated effects of the 

ceiling radiant cooling 

and ventilation on 

dispersion 

and deposition of 

indoor airborne 

particles. 

Ning et al. (2020) [25] Dedicated outdoor air system Numerical model Explore the cooling 

load dynamics and 
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develop a simplified 

calculation method for 

the integrated system. 

 

⚫ Phase change material integration  

Recently, the phase change materials (PCM), have also been explored for integration with the radiant ceiling 

panel (RCP) system as shown in Fig. 2-6. 

 

 

Fig. 2-6 Schematic of the PCM radiant ceiling panel (PCM-RCP) [26] 

 

Incorporating the PCM in the embedded type radiant ceiling panel (RCP) system can provide thermal energy 

storage capacity to the system instead of using the thermal mass of the building structure. It takes advantages to 

reduce peak cooling loads or shift peak cooling loads to off-peak hours by regenerating the PCM during unoccupied 

periods. Table 2-3 lists the literatures for this novel integrated system. 

 

Table 2-3 Literatures of the integrated RCP and thermal energy storage 

Literature TES Methodology Research target 

Gallardo and Berardi 

(2021) [26] 

PCM determined using 

the standard ASTM 

C1784-20 

Numerical simulation by 

EnergyPlus v.9.4 

Provide criteria to design, 

size, and control 

radiant ceiling panels 

with integrated RCP-

PCM for space cooling 

in office buildings 

Mousavi et al. (2023) 

[27] 

Organic-based shape-

stabilised PCM boards 

Experiment Comprehend the 

potentials and challenges 

of the PCM-RCC 

technologies 

in load shifting and 

energy savings 

Bogatu et al. (2021) [28] A novel macro-

encapsulated PCM panel 

(MEP) 

Experiment The novel macro-

encapsulated PCM 

ceiling panel construction 

was 

investigated and 

compared experimentally 

to commercially 

available ceiling cooling 

systems. 
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⚫ Modeling and measuring method development 

Modeling and measuring the radiant ceiling panel system is another research hotspot, as it serves as the 

foundation for the further system development and the realization of smart system control. Jin et al. (2023) [29] 

developed a novel cooling capacity prediction model for the open-type cooling radiant ceiling panel systems (O-

CRCP) using a multi-regression method. Ning and Chen (2021) [30] defined radiant and convective time series 

(RTS and CTS) factors to quantify the cooling load conversion process for radiant ceiling panel (RCP) system. 

Shinoda et al. (2022) [31] proposed a cooling capacity measurement methodology with controlled room and plenum 

temperatures. An empirical approach for estimating the heat extraction at both sides of the panel was then proposed 

as well and the developed model was validated through field measurements. Joe and Park (2023) [32] proposed 

thermal conditions for radiant ceiling heating panels that can be applied to perimeter zones, ensuring both comfort 

and the ability to handle the heating load. A heat transfer model [3] was used to derive the factors affecting the 

cooling capacity of the RCP and each factor was simulated and verified through this model.  
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2.3 Optimization of radiant ceiling panel system 

2.3.1 Panel structure and arrangement 

As demonstrated by Shinoda et al. [11], the heat transfer coefficient of the radiant ceiling panel system varies 

depending on the specifications of the panel itself. Improving the panel structure and arrangement is possibly to 

increase the heat transfer efficiency. Table 2-4 lists the previous studies that aimed to enhance the heating and 

cooling capacity of panels by panel design. The designs of panels included (1) the water tube/water channel 

configuration design, (2) panel configuration design, (3) panel distribution arrangement design, and (4) panel 

material design. It is showed that the cooling capacity or even the uniformity of the indoor air temperature field can 

be substantially improved by applying novel design strategies.  

 

Table 2-4 Literature of the optimization of the panel structure and arrangement 

Literature Methodology Design Strategies Improvement Results 

Mosa et al. [33,34] 
Numerical 

simulation  

Serpentine and dendritic 

flow channel design 

The dendritic architecture allows for 

a significant improvement in the 

cooling panel performance. 

Hassan and Kaood [18] CFD simulation 
Application of internal 

longitudinal fins 

The presented balanced design 

enhances the cooling capacity and 

cooling rate by 1.54 and 17.7%, 

respectively. 

Radzai et al. [35] CFD simulations 
New RCP serpentine-

based flow configuration 

The proposed designs have the 

potential to improve the overall 

efficiency of RCP in terms of 

temperature distribution, cooling 

capacity, and pressure. 

Labat et al. [15] 
Genetic 

algorithm 

Arrangement of multiple 

panels on the ceiling 

The uniformity of the temperature 

field can be significantly improved 

by using 10 panels or more compared 

with using a single panel. 

Shin et al. [36] 
Experiments and 

CFD simulation 

Open-type CRCP 

installed with void areas 

between adjacent ceiling 

panels 

The open-type CRCP can provide 

54–80% higher nominal cooling 

capacity than a conventional closed-

type CRCP. 

Radwan et al. [37] CFD simulation 

New multisegmented 

mini-channel-based 

CRCP 

The design can accomplish the same 

cooling capacity and identical indoor 

air temperature by using a higher 

panel surface temperature. 

Zhang et al. [38] Experiments 

A new type of CRCP 

with inclined aluminum 

fins 

The cooling capacity of the CRCP 

with inclined fins is about 19% 

higher than that of a suspended 

panel. 

Lv et al. [39] Experiments 

A novel grooved radiant 

ceiling panel filled with 

heat transfer liquid 

The cooling capacity of this radiant 

panel was 18–25% higher than that 

of traditional metal radiant panels. 

Ning et al. [40] CFD simulation 
CRCP with a thin air 

layer 

The cooling capacities are increased 

by 43–46% compared to the original 

CRCP. 

Xing and Li [41] Experiments 

Replacement of the 

radiation shield with a 

convection shield  

The improved inbuilt air gap has a 

better synergy in improving cooling 

capacity and anticondensation 

ability.  
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2.3.2 Integrated systems  

The integrated radiant ceiling panel (RCP) and ventilation system attracted attention to replace the conventional 

HVAC system in the building for its potential for energy savings while providing high indoor air quality and thermal 

comfort. Table 2-5 summarizes the studies focusing on the integrated RCP and ventilation system. It is shown that 

the displacement ventilation system is most commonly used ventilation system combined to the RCP system. Fig. 

2-7 shows a layout of an integrated RCP and under floor displacement ventilation system in an office of the 

HELILON building in Europe [42]. It was concluded that the integrated system provided cooling by both radiant 

and convective transmission, and therefore produced better thermal comfort and air quality than other air 

conditioning systems that provided purely convective cooling.  

 

Table 2-5 Literature of the optimization of the integrated RCP and ventilation system 

Literature Ventilation system Studied parameters Methodology 

Chiang et al. [43] Mechanical ventilation Diffuser position in the 

mechanical ventilation 

system 

Experiments and CFD 

simulations 

Corgnati et al. [44] Mixing ventilation Main supply jet 

properties (throw and 

penetration length) 

Experiments and CFD 

simulations 

Liu et al. [45] Displacement ventilation 

system 

Thermal performance of 

the integrated system 

Experiments 

Schiavon et al. [46] Displacement ventilation 

system 

(1) The ratio of cooling 

load removed by RCP 

over the total cooling 

load (2) The percentage 

of RCP affects the room 

air stratification. 

Experiments 

Yu et al. [47] Natural ventilation with 

diffuse ceiling inlet 

Thermal performance of 

the integrated system 

Experiments 

Zhao et al. [48] Low velocity unit and 

personalized ventilation 

system 

Human response to the 

proposed integrated 

system 

Experiments 
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Fig. 2-7 Schematic diagram showing the layout of an integrated RCP and under floor displacement ventilation 

system [42] 

 

Except for the ventilation system, Ranzato et al. [49] studied the integrated system consisting of radiant ceiling 

panels, mechanical ventilation system with energy recovery and a well-water-cooled electric heat pump. A 

simplified physical model of the system was built to calculate its annual efficiency, the energy consumption of each 

component and its life cycle costs. When combined with the energy system, more attention is paid to the system 

control. Arghand et al. [50] investigated the performance of two control methods for the RCP and groundwater 

system. The control methods were implemented through three types of indoor feedback controllers: 1) an on/off 

controller, 2) an on/off controller with a dead band and 3) P controller regarding room temperature stability and 

pump energy use. The control optimization are detailly summarized in Section 2.3.3.  

 

2.3.3 Control strategies and advanced control methods 

The optimization and control of the radiant ceiling panel system have relatively rare publications due to a lack of 

knowledge about its operational status. Therefore, the optimization control strategies for the radiant heating and 

cooling (RHC) system are discussed and summarized in this section instead of only the RCP system. The control 

optimization of the RHC or RCP systems is crucially related to both energy consumption patterns and comfort 

levels within the buildings.  

Building energy system control has been brought to the fore with the rapid rise of using the centralized building 

management system [51]. As a general type of HVAC system, the RHC system is not an exception that should be 

emphasized in terms of its control. On the one hand, the importance of controlling the supplied chilled water 

temperature and making temperature regulations to assist in condensation prevention of radiant cooling systems 

was pointed out many times for decades [4]. However, the simple temperature limitation control has a risk of 

insufficient cooling capacity [52] and reduces the performance of energy efficiency [53]. A more sophisticated 
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control is needed considering the system operation enhancement, indoor operative temperature, and other 

parameters such as return water temperature [54]. On the other hand, the advanced control strategies are required to 

mitigate under-heating or over-hearing issues caused by the system response delays [1], and over-cooling affected 

by furniture [55].  

The system integration with PCM [56, 57] and ventilation [58] also complicate the control due to the increasing 

number of setpoints and impact variables, in terms of the storage capacity of PCM and the requirement of 

dehumidification for the ventilation system. Different ventilation configurations contribute to the variation of the 

suitable control strategy according to the system characteristics [59]. Remaní et al. summarized [60] the control 

logic of the TABS systems and discussed seven different controls employed in TABS systems. The author finally 

concluded that while the simple strategies are suitable for meeting comfort demands, the strategies taking into 

account the system properties are superior in terms of energy reduction and the utilization of renewable energy.  
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2.4 A novel open-type radiant ceiling panel system  

The insulation layer above the panel is expected to insulate the heat transfer between the panel and the ceiling to 

activate heat transfer on the bottom surface towards the conditioned space. Some researchers have focused on 

improving the insulation layer to reduce the heat flux to increase the cooling capacity of the RCP system due to the 

upward heat loss is inevitable [41]. 

The open-type RCP, also called a suspended radiant ceiling panel (SRCP) [15] or suspended ceiling radiant panel 

(CRP) [38] has recently come to public attention. Unlike the top-insulated type, an open-type RCP is installed 

separately from the ceiling, excluding insulation between the panel top and ceiling. Due to the characteristic of 

convenient and flexible installation, this type is also widely used in existing or new buildings in practice [61]. A 

novel open-type radiant ceiling panel system with curved and segmented structure (Fig. 2-7) was proposed [62] and 

produced by SANKEN SETSUBI KOGYO CO., LTD. Fig. 2-8 shows the sketch and detailed measurement of the 

novel panel.  

 

 

Fig. 2-7 Image shown by SANKEN SETSUBI KOGYO CO., LTD. 

 

 

Fig. 2-8 Sketch of a novel open-type radiant ceiling panel system with curved and segmented structure 
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Nomenclature 

List of symbols 

Q Heating and cooling capacity (W) 

A Area of panel (m2) 

Tair Indoor air temperature (°C) 

Ts Panel surface temperature (°C) 

Greek symbol 

α Heat transfer coefficient (W/(m2·K)) 

Abbreviations 

RCP Radiant ceiling panel 

CRCP Ceiling radiant cooling panel 

TABS Thermally activated building system 

RHC Radiant heating and cooling system 

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

ISO International Organization for Standardization 

REHVA Federation of European Heating, Ventilation and Air Conditioning Associations 

PCM Phase change material 

HVAC Heating, Ventilation and Air Conditioning 
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3.1 Introduction 

A novel open-type radiant ceiling panel (RCP) system with a segmented and concave surface had been proposed 

to improve thermal efficiency and reduce the risk of dew condensation. However, it is still unclear whether the 

system performs well in the field, as the previous laboratory test [1] was conducted in ideal conditions excluding 

the effects of outdoor climate conditions and occupant activities. The performance may change when exposed to a 

dynamic environment. It is also expected to identify ignored issues during long-term system operation that will 

guide the future design and optimization.   

The methods for designing and testing RCP systems are provided in international design standards, such as EN 

14240 [2], EN 14037-1 [3], and ANSI/ASHRAE Standard 138 [4]. While, to study the new proposed RCP system, 

it is essential to carry out the experimental tests in the laboratory to investigate its heating and cooling performance. 

Zhang et al. [5] conducted a study on a novel open-type RCP with inclined aluminum fins through the experiments 

carried out in two test rooms. The heat flux was assessed through measurements of the indoor thermal conditions 

and the water supply parameters. Subsequently, the results were compared with those from other RCP systems. 

Zhong et al. [6] proposed a RCP using superhydrophobic surface materials to prevent dew condensation and 

experimentally investigate the condensation heat transfer. The empirical method and heat and mass transfer analogy 

were verified based on the experimental results. Jin et al. [7] carried out experiments to investigate the surface 

temperature change of the RCP. Then, the effect of supply water temperature was studied by numerical simulations 

based on the experiments. Ning et al. [8] experimentally and numerically investigated the performance of a novel 

RCP with uniform surface temperature distribution by adding an air layer between the pipes and metal plates. This 

modification increased the cooling capacity by 43 %–46 % relative to the original RCP. Wojtkowiak and 

Amanowicz [9] investigated a RCP with a triangular corrugation shape through experiment and theoretical analysis. 

They studied the impact of the corrugation length and angle on the cooling capacity. The results show that cooling 

capacity of this new RCP increased by 15 %–20 % compared to the traditional flat shape.  

Conducting experiments is also a valuable approach to gain insights into the performance of the integrated system 

that combines the RCP with other technologies. Ree and Haves [10] studied the characteristics of displacement 

ventilation and chilled ceiling panel system through chamber tests over a range of operating parameters typical of 

office applications. Bogatu et al. [11] investigated the operation and performance of a novel macro-encapsulated 

PCM panel with embedded pipe as an active ceiling cooling component compared to commercially available 

radiant ceiling system. Krussa and Hviid [12] studied a RCP with diffuse ventilation in a reduced-scale experiment. 

The heat transfer coefficients of this system were calculated and compared to the values presented in the previous 

studies. 

Experimental measurements can also serve to validate the simulation model, enabling the authors to make 

adjustments to the operational parameters as needed. Su et al. [13] carried out an experiment on a concrete ceiling 

radiant cooling panel system and developed a two-dimensional mathematical model by using finite difference 

method. The heat transfer and cooling characteristics of the system were then numerically investigated under 

different conditions. Shin et al. [14] introduced an open-type cooling RCP system and evaluated its radiant and 

convective heat transfer by using a simulation model validated against the mock-up experiment. Yu et al. [15] 

developed a simplified model for top insulated metal ceiling radiant cooling panels with serpentine tube 
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arrangement based on the experiments conducted for two kinds of panels.  

On the other hand, the field study is an effective method for evaluating system performance and thermal comfort. 

Direct measurement evaluation is undoubtedly more accurate than other simulation methods. Aryal et al. [16] 

conducted full-scale experiments to investigate the radiant ceiling cooling in office building in a tropical hot humid 

climate, considering indoor thermal conditions and the envelope heat gain.  

The discrepancies have been found between the calculated predicted value and actual sensation of thermal 

comfort when apply the RCP systems. Tian et al. [17] detected occupant thermal comfort in an office using an RCP 

and an overhead dedicated outdoor air system. The results showed that the actual dissatisfaction rate was lower than 

the calculated values because the radiant system could obtain a uniform vertical temperature distribution and a low 

draft rate. He et al. [18] conducted a field survey combining environmental measurements and questionnaires in 

offices with cooling ceilings in Zhuhai, China. The results showed that local thermal sensations differ greatly for 

different body parts depending on factors such as clothing and adaptive behaviors. As a result, it is difficult to assess 

the accuracy of predicted thermal comfort calculations based on environmental measurements, because only a few 

field studies on radiant ceiling systems have been conducted. Therefore, in-situ studies are necessary for radiant 

ceiling systems to investigate realistic thermal comfort. 

Given these points, the experiments in this study conducted both in the laboratory and in a sample office building 

to study the performance of the novel open-type RCP system with a segmented and concave surface. In Section 3.2, 

a series of laboratory experiments under different operating conditions were carried out to investigate the cooling 

performance of this novel RCP system. The effects of the flow rates and fluid inlet temperatures were extensively 

examined. In the experiments, the air temperature, mean radiant temperature, humidity, and air velocity in the test 

room were recorded. The convective and radiant heat transfer were calculated accordingly, and the radiant and 

convective heat transfer coefficients were also calculated for each case and compared with other RCPs. In Section 

3.3, a field study was conducted in an office building to examine this novel RCP system in practice in terms of both 

thermal condition and energy consumption. Physical measurements and subjective survey questionnaires were 

conducted for one week in summer and two weeks in winter. The indoor air temperature, panel surface temperature, 

indoor humidity, and CO2 concentration were measured at three locations in the office. The panel surface 

temperature distributions and variations were recorded using an infrared camera, and the energy performance was 

recorded during the measurement period. Finally, intermittent and continuous operation methods were compared 

during winter. 
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3.2 Cooling capacity analysis through laboratory tests 

3.2.1 Experimental set-up 

The experiments are operated in two identical walk-in environmental chambers (ESPEC E, ESPEC Corporation) 

with autonomous control. Each room had an internal length, width, and height of 2.7 m × 2.7 m × 2 m, and the two 

chambers shared a wall with a double-glazed window. The two glass layers had a thickness of 3 mm with a 14 mm 

air gap between them. This window was also fitted with a rubber seal around the four edges to prevent any 

infiltration between the test cells, resulting in an overall heat transfer coefficient of 1.85 W/(m2·K). 

The temperature of the left chamber was adjusted to 40 °C to mimic the outdoor environmental temperature 

during summer. Simultaneously, the room on the right was the test cell, and was equipped with four radiant ceiling 

panels (RCPs). A constant-temperature water bath chiller and a circulating pump provide the chilled water for 

circulating. The fluid temperature and flow rate were adjusted according to the predefined conditions. The test cell 

was internally heated by four cylindrical dummies. The heat generated from each cylinder was set as 43.2 W to 

represent the energy generated from the human sitting at rest. Fig. 3-1 depicts the overall arrangement of the panels, 

internal loads, and measurement devices. 

 

 

Fig. 3-1 Schematic diagram of the experimental set-up and arrangement 

 

The open-type radiant ceiling panel (RCP) prototypes used in this study were manufactured and developed by 

SANKEN SETSUBI Co., LTD. The panels are formed from aluminum sheets with a thickness of 1 mm, and the 

pipes are made from aluminum tubes coated with polyethylene resin. Each panel has five segments, with each 

segment comprising a concave surface with a width of 108 mm and height 89 mm. Between each adjacent segment 

there is a void space of 6 mm, as shown in Fig. 3-2. The concave panel has a larger surface area than the flat panel, 

with a surface area (As) of 1.38 m2 for the top surface and 1.03 m2 for the bottom surface; therefore, the total surface 

area of each panel is 2.41 m2. The projected area (Ap) of the panel is 1.04 m2 for both the bottom and top surfaces. 

The ratio of the surface area to the projected area was 1.15:1. 

Four RCPs were connected in series mode in the test chamber, and water was supplied through a closed-cycle 
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cooling circuit. The circulating fluid was cooled using a refrigeration bath circulator (Huber CC-415), where the 

fluid temperature and flow rate were controlled. 16 experiments were conducted under the operating conditions 

listed in Table 3-1. The water flow rate was varied from 2 to 8 L/min and the inlet water temperature was varied 

from 15 °C to 24 °C. 

 

 

Fig. 3-2 Detailed drawing and photos of the RCP used in this study  

 

Table 3-1 The operating conditions for the experiment 

Case Flow rate (L/min) Inlet water temperature (°C) 

Case1-1 

2 

15 

Case1-2 18 

Case1-3 21 

Case1-4 24 

Case2-1 

4 

15 

Case2-2 18 

Case2-3 21 

Case2-4 24 

Case3-1 

6 

15 

Case3-2 18 

Case3-3 21 

Case3-4 24 

Case4-1 

8 

15 

Case4-2 18 

Case4-3 21 

Case4-4 24 
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3.2.2 Measurement methods 

In these experiments, the envelope surface temperature, indoor air temperature, air velocity, relative humidity, 

and globe temperature were simultaneously measured and recorded. Three type-K thermocouples were used to 

measure the temperature of the inner window surface, in line with the window centerline, and two thermocouples 

were used to measure the outer window surface temperature, as shown in Fig. 3-3 (a). Six thermocouples were used 

to measure the wall, ceiling, and roof surface temperatures. The indoor air temperature was measured using 33 type-

k thermocouples, which were distributed in three lines. Each line contained 11 thermocouples at a vertical spacing 

of 20 cm. The globe temperature was measured using a 38 mm globe thermometer, suspended near Line 2. 

Two different types of heat flow meter were used to measure the heat flux of each wall to determine the energy 

balance. A portable heat flow meter (HFM-201) was used for the window and connected to a computer. The heat 

flow of the walls, floor, and ceiling was measured using heat flux sensors (MF-180) connected to a datalogger. The 

relative humidity of the indoor air was measured using three relative humidity sensors (NOVALYNX, 220-

HMP155D), which were suspended along the middle line. Furthermore, the air velocity was measured at a local 

point using a three-dimensional ultrasonic anemometer (YOUNG-81000). The sensor was fixed at the midpoint 

below the panel. 

The temperatures of the upper and lower panel surfaces were measured using thermocouples attached directly to 

the surface. Each surface of a panel had three measurement points, as shown in Fig. 3-3 (b). A compact 

electromagnetic flowmeter measured the flow rate (VN10R, Aichi Tokei Denki Co.,), and the inlet and outlet water 

temperatures were measured using PT100. 

 

 

(a) 
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(b) 

Fig. 3-3 Schematic diagram of the front view and photos of instruments  

 

The primary variable of this study was the measured temperature, so the temperature sensors were calibrated 

against a standard thermometer measurement before they were fixed to the experimental setup. The absolute and 

relative error values of the measurement devices are listed in Table 3-2.  

 

Table 3-2 Error of instruments  

Experimental measurements Device Error 

Ta, Ts, Top Thermocouple 0.2 

Tin, Tout PT100 0.19 

Air velocity (v) 3-axis ultrasonic anemometer 1.00 % 

Flow rate (G) Flow sensor 0.5 % 

Heat flux (q) Heat flow meter 0.03/0.01 

Current (I)/ Voltage (V) Digital multimeter 0.09 % 

 

3.2.3 Temperature measurement results 

Fig. 3-4 shows a sample of the variation in panel surface temperature over time, which was recorded using an 

infrared thermal camera. After circulating cold water through the radiant panel, the panel surface temperature 

decreased significantly within the first 10 min, from 31.1 °C to 25.6 °C. After 20 min, the surface temperature 

stabilized at approximately 24.5 °C. Except for the small gap between each panel, there was a uniform temperature 

distribution pattern across the bottom surface of each panel.  
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Before water supply TS=31.1°C After 10 min TS=25.6°C After 20 min TS=24.6°C 

   

After 30 min TS=24.5°C After 50 min TS=24.4°C Original photo 

Fig. 3-4 Infrared images of the panel surface temperature distribution 

 

Fig. 3-5 illustrates the indoor air temperature distribution. All the experimental cases resulted in a uniform 

temperature distribution in the chamber, and the temperature difference between the foot (Y=0.1 m) and head 

(Y=1.5 m) was approximately 0.3 K. When the flow rate was increased from 4 L/min to 8 L/min, the average air 

temperature merely decreased by approximately 0.6 °C. Reducing the inlet water temperature from 21 °C to 18 °C, 

lowered the average air temperature by approximately 1.5 °C. 

Although the double glass had a low overall heat transfer coefficient (1.85 W/(m·K)), the indoor air temperature 

near the window was approximately 0.6 K higher than the average indoor air temperature, and 1 K higher than the 

temperature along line 3. The radiant ceiling panels could not prevent the hot air near the window from diffusing 

into the environment. Therefore, the RCP system needs to be optimized or integrated with other forced ventilation 

methods to eliminate the impact of the building envelope. 
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Air temperature (ºC) 

Fig. 3-5 Indoor air temperature variation in the Y-direction 

 

3.2.4 Heat transfer analysis 

The heat flux of the RCPs (qtot) was calculated as the total heat flux through both the top and bottom of the panel 

surface, which was calculated using Eq. (3-1). 

𝑞𝑡𝑜𝑡 =
𝑄𝑡𝑜𝑡

𝐴𝑝
=

𝐶𝑝𝐺𝜌|𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡|

𝐴𝑝

(3 − 1) 

Cp is the specific heat of water (kJ/(kg·K)), G is the water flow rate (m3/s), ρ is the density of water (kg/m3), Tin 

and Tout are the inlet and outlet temperatures of the water flowing through the radiant panel tubes, and Ap is the 

projected area of the radiant panel (m2).  

The total cooling load is given by Eq. (3-2) 

𝑄𝑐𝑙 = 𝑄ℎ𝑢𝑚𝑎𝑛 + 𝑄𝑤𝑖𝑛𝑑𝑜𝑤 + 𝑄𝑙𝑒𝑓𝑡 𝑤𝑎𝑙𝑙 − 𝑄𝑜𝑡ℎ𝑒𝑟 𝑤𝑎𝑙𝑙 (3 − 2) 

Qwall is the overall rate of heat transfer through the surrounding walls, as measured by the heat flux sensors. 

The heat absorbed by the radiant panel, calculated using Eq. (3-1), must be balanced with the net heat energy, 

calculated using Eq. (3-2). When the difference between these two values is very small or within an acceptable error 

value, the energy balance can be confirmed. 

On the other hand, the total heat flux (qtot) consists of the convective heat flux (qc) and radiant heat flux (qr). The 

qr was calculated using the view factor (Fs-j) and radiation interchange factors (Fɛs-j) as well as the surface emissivity, 

according to Eq. (3-3). 

𝑞𝑟 = 𝛿 ∑ ((𝑇𝑗 + 273.15)
4

− (𝑇𝑠 + 273.15)4)

𝑛

𝑗=1

(3 − 3) 

Fɛs-j is the radiation interchange factor, which was calculated using Eq. (3-4). The view factor Fs-j depends on the 

orientation of the surface, view angle, surface geometry, and distance between the surfaces. The resulting radiation 

interchange factors are listed in Table 3-3. 
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𝐹𝜀𝑠−𝑗
=

1

(1 − 𝜀𝑠)
𝜀𝑠

+
1

𝐹𝑠−𝑗
+

𝐴𝑠
𝐴𝑗

(1 − 𝜀𝑗)
𝜀𝑗

(3 − 4)
 

 

Table 3-3 The radiation interchange factors 

 

The surface emissivity (ε) of the walls, ceiling, floor, and panel surface is essential for calculating the radiant heat 

transfer coefficient and consequently the convective heat transfer coefficient. Therefore, an infrared camera (InfReC 

R550, Nippon Electronics Co., Japan) was used to measure the emissivity of each surface. The stored emissivity 

value in this camera was changed iteratively until the measured surface temperature matched that measured with 

the thermocouple, for each surface. The values of surface emissivity are listed in Table 3-4. 

 

Table 3-4 The results of surface emissivity  

 Back wall Front wall Ground wall Left wall Right wall Roof wall Window Panel surface 

ε 0.94 0.94 0.94 0.94 0.94 0.94 0.94 0.96 

 

The convective heat flux (qc) was calculated as the difference between the qtot and the qr, as described by Eq. (3-

5). 

𝑞𝑐 = 𝑞𝑡𝑜𝑡 − 𝑞𝑟 (3 − 5) 

After calculating the radiant and convective heat fluxes, the radiant heat flux coefficient (hr) and convective heat 

flux coefficient (hc) were calculated using Eq. (3-6) and Eq. (3-7). 

ℎ𝑟 =
𝑞𝑟

(𝐴𝑈𝑆𝑇 − 𝑇𝑠)
(3 − 6) 

ℎ𝑐 =
𝑞𝑐

(𝑇𝑎 − 𝑇𝑠)

𝐴𝑝

𝐴𝑠

(3 − 7) 

 

Ts is the panel surface temperature (°C) and Ta is the average air temperature (°C). AUST is the average unheated 

surface temperature (°C), and As is the surface area of the panel (m2). 

Fɛs-j P1bottom P1up P2bottom P2up P3bottom P3up P4bottom P4up 

Back wall 0.061 0.002 0.110 0.004 0.211 0.018 0.115 0.006 

Front wall 0.240 0.024 0.134 0.005 0.076 0.002 0.135 0.007 

Floor  0.273 0.000 0.296 0.000 0.269 0.000 0.250 0.000 

Left wall 0.105 0.022 0.077 0.022 0.109 0.023 0.318 0.002 

Right wall 0.099 0.003 0.108 0.003 0.101 0.003 0.101 0.063 

Ceiling  0.000 0.891 0.000 0.902 0.000 0.896 0.000 0.867 

Window  0.059 0.000 0.070 0.000 0.053 0.000 0.015 0.000 
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The analysis began with checking the energy balance between the cooling load inside the room and the cooling 

capacity absorbed by the fluid circulating through the tubes of the radiant ceiling panels. The analysis was carried 

out under steady-state conditions, so the energy stored within the indoor air space was negligible. The test room was 

also assumed to be well insulated without any external ventilation, and all openings and doors were well sealed, 

which prevented any possible infiltration. The energy balance was checked by calculating the cooling capacity and 

cooling load, including the heat of the window and cylindrical heat-generating dummies, to ensure experimental 

accuracy.  

A comparison between the cooling load and cooling capacity is shown in Fig. 3-6. In all cases, the difference 

between the cooling load and cooling capacity was within 15 %. The cooling capacity changed significantly with 

variations in the inlet water temperature, while changing the flow rate had less of an impact. When the inlet water 

temperature was less than 21 °C, the flow rate significantly affected the cooling capacity. On the contrast, when the 

inlet water temperature was greater than 21 °C, the cooling capacity remained the same. The cooling capacity and 

flow rate did not exhibit a simple linear relationship, such as the relationship with inlet water temperature. The 

largest cooling capacity was obtained with a flow rate of 4 L/min. 

 

 

Fig. 3-6 Total heat flux and cooling load of the RCP under different operating conditions 

 

The average temperature of the unheated surfaces (AUST) can also be calculated using the view factor, as 

shown in Eq. (3-8). 

𝐴𝑈𝑆𝑇 = √∑ (𝐹𝑠−𝑗𝑇𝑗
4)

𝑛

𝑗=1

4

(3 − 8) 

The operative temperature Top is roughly the average of the air and the AUST. It can also be calculated 

mathematically using Eq. (3-9). 

𝑇𝑜𝑝 =
ℎ𝑐𝑇𝑎 + ℎ𝑟𝐴𝑈𝑆𝑇

ℎ𝑐 + ℎ𝑟

(3 − 9) 

Fig. 3-7 shows the operative temperature (Top), globe temperature (GT), average air temperature, panel surface 
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temperature, and dew point temperature (DPT) in each case. The operative temperature was calculated using Eq. 

(3-9), while the globe temperature was measured with a globe thermometer hanging in the right chamber. The 

difference between the operative temperature and globe temperature was less than 0.67 K, so the error between 

these two temperatures can be ignored.  

The average panel surface temperature increased with increasing inlet temperature and decreased with increasing 

flow rate. Therefore, the difference between the operative and panels’ surface temperature decreased with increasing 

inlet temperature, from 4.2 K to 2.1 K. In addition, the panel surface temperature was always approximately 3.7 K, 

and the supply water temperature was 0.8 K higher than the dew point temperature. Therefore, there was no risk of 

dew condensation occurring during the experiments. 

 

 

Fig. 3-7 The results of operative temperature, globe temperature and dewpoint temperature  

 

Fig. 3-8 presents the convective and radiant heat fluxes transferred to the upper and lower panel surfaces under 

different operating conditions. Except in Case 1, the radiant heat flux accounted for more than half of the total heat 

flux. The ratio of the radiant heat flux increased by 10 % from 2 L/min to 8 L/min. In addition, the ratio of radiation 

was almost the same under the same flow rate. 
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Fig. 3-8 Radiant and convective heat flux under different operating conditions 

 

The results of radiant and convective heat transfer coefficients are shown in Fig. 3-9. The average hr was 4.95 

W/m2·K and the average hc value was 3.33 W/m2·K. When the flow rate increased from 4 to 8 L/min, the average 

hr and hc decreased by 14 %. On the other hand, the hr and hc increased by 17 % with decreasing the inlet water 

temperature, when the flow rate was less than 4 L/min.  

 

Fig. 3-9 Radiant and convective heat transfer coefficients under different operating conditions 

 

The time constant, based on the indoor air temperature, is defined as the time required to change 63% of the total 

difference between its initial and final temperatures as shown in Fig. 3-10. The time constants for all the cases are 

summarized in Table 3-5. The cases with a higher flow rate and lower inlet water temperature always had higher 

time constant values. 
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Fig. 3-10 Transient indoor air temperature 

 

Table 3-5 Time constant under different operating conditions 

G  Tin Case Time constant G Tin Case Time constant 

2 L/min 15  1-1 15’01’’ 6 L/min 15  3-1 16’06’’ 

18 1-2 10’47’’ 18 3-2 15’21’’ 

21 1-3 10’33’’ 21 3-3 14’56’’ 

24 1-4 4’34’’ 24 3-4 4’20’’ 

4 L/min 15 2-1 15’54’’ 8 L/min 15  4-1 17’03’’ 

18 2-2 12’33’’ 18 4-2 10’35’’ 

21 2-3 11’04’’ 21 4-3 07’55’’ 

24 2-4 4’11’’ 24 4-4 4’59’’ 

 

Fig. 3-11 shows the relationship between the heat fluxes and the temperature difference. The radiant heat flux is 

linearly related to the temperature difference between the AUST and panel surface temperature, whereas the 

convective heat flux has an exponential relationship with the temperature difference between the indoor air 

temperature and panel surface temperature.  
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Fig. 3-11 Heat fluxes and their regression equations 

 

Thus, the radiant and convective heat transfer coefficients can be determined from the regression equations in 

Fig. 3-11, as follows:  

ℎr = 5.0024 (3 − 10) 

 

ℎc = 2.6684|𝑇a − 𝑇s|0.1253 (3 − 11) 

 

3.2.5 Comparison with other open-type RCPs 

After calculating the heat fluxes, the ratio of convection and radiation were compared with data from an open-

type RCP with a flat surface and an open-type RCP with inclined fins. Fig. 3-12 presents a comparison of these 

ratios with data from the other studies. The open-type RCP with a segmented and concave surface proposed in this 

study resulted in the ratio of convection that was 21 % higher than that of the flat surface and 9 % higher than that 

of the inclined fins.  

 

 

Fig. 3-12 Comparison of the total heat fluxes obtained with the curved and flat panels [14] and the panel with 

inclined fins [5]  
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Table 3-6 shows the heat flux of each panel. The RCP in this study resulted in a heat flux of 46.97 W/m2 with a 

temperature difference of 2.7 K, which is 14.7 W/m2 greater than the heat flux achieved with the RCP with flat 

surface. In the second group of comparison, the total heat flux is 70.06 W/m2, which is close to that of the panel 

with inclined fins (77.51 W/m2). However, the ratio between the surface area and the projected area of RCP in this 

study was 1.15:1, which was lower than that of the panel with inclined fins. This means that the concave shape 

allows the use of a smaller surface area to achieve the same improvement obtained with the RCP with inclined fins. 

Also, comparison on the heat flux clearly shows that the concave shape can enhance both the radiation and 

convection. The advantages of this panel have been confirmed. 

 

Table 3-6 Comparison of radiant and convective heat transfer data in other studies 

 Exp. Flat [14] Exp. Inclined fins [5] 

Ta-Ts (K) 2.7 2.7 4.1 4.1 

qr (W/m2) 24.73 23.83 39.59 51.1 

qc (W/m2) 22.24 8.43 30.74 26.41 

qtot (W/m2) 46.97 32.26 70.33 77.51 

hc (W/m2·k) 3.67 3.1 3.27 2.3 

As/Ap 1.15:1 1:1 1.15:1 1.4:1 
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3.3. Field studies in an NZEB office building  

3.3.1 Description of building and indoor space 

The field studies were undertaken in a newly constructed office building (Fig.3-13), located in Sapporo, 

Hokkaido, Japan. The floor area of this building is 1949.58 m2. Eight strings of 112 photovoltaic polycrystalline 

modules are installed between the south windows on the south wall to provide electricity to the lighting system. To 

reduce heat loss, the building envelopes are well insulated and covered with polystyrene foam plates. Table 3-7 

summarizes the structure and heat transmission coefficients of each element. The windows use pairs of Low-E pair 

glass with argon gas. The area ratio of the window to the wall is 0.09 for the south and east, 0.04 for the west, and 

0.02 for the north.  

 

Fig.3-13 South view of the office building 

 

Table 3-7 Heat conductivity and heat transmission coefficient of the building envelop 

Elements Material 
Thickness 

(mm) 

Heat conductivity λ 

(W/(m·K)) 

Heat transmission coefficient 

U (W/(m2·K)) 

Exterior wall 

Galvalume 0.4 45 

0.24 Polystyrene foam 110 0.028 

Concrete 170 1.6 

Roof  

Concrete 80 1.6 

0.36 

Polystyrene foam 100 0.028 

Concrete 170 1.6 

Air layer / / 

Rock wool sound-

absorbing board 
12 0.17 

Floor 

PVC floor tile 3 0.19 

0.40 

Concrete 15 1.6 

Polystyrene foam 50 0.028 

Air layer / / 

Concrete 310 1.6 

Base (Rocks) 150 1 

Window Low-E glass 26 / 1.40 
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Fig. 3-14 illustrates the heating and cooling system used in this building, including open-loop groundwater heat 

pump (GWHP) system, open-type RCP system, and outdoor-air handling units. The groundwater is pumped 

through the two heat exchangers, which are maintained at approximately 12 °C at this site in the Sapporo region. 

During summer, a passive free-cooling mode is activated: the heat exchanger directly exchanges heat between the 

groundwater, RCP, outdoor-air handling units without using the refrigeration machine. In winter, the heat exchanger 

and heat pump chiller (MCRV-P450E; Mitsubishi Electric) are operated simultaneously. Because a single use of 

the heat exchanger cannot supply hot water at sufficiently high temperatures. The heat pump chiller is used to boost 

the cycle and further process the heat.  

 

(a) summer 

 

(b) winter 

Fig.3-14 Schematic diagram of the heating and cooling system (a) summer (b) winter 
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In addition, all these systems are controlled via the Building Energy Management System (BEMS). It controls 

and monitors all the system’s components and records a total of 167 variables every second. A schematic of the 

system control for each part is shown in Fig.3-15. 

As shown in Fig.3-15 (a), the open-type RCP system comprised a supplying water loop and a circulating water 

loop, which were controlled by Valves 1 and 2, respectively. The operative temperature (Top) is the average of the 

indoor air and wall temperatures. Ratio control was applied to valves to maintain the calculated Top at 24 °C. For 

example, if the Top exceeded 26 °C in summer, Valve 2 would be closed, and Valve 1 would be fully opened. As the 

Top decreases, the open ratio of Valve 1 also decreases and that of Valve 2 increases. When the Top reaches 22 °C, 

Valve 1 would be closed, and Valve 2 would be fully opened. According to these adjustments, the indoor 

temperature fluctuated at approximately 24 °C. 

Fig.3-15 (b) and (c) illustrate the control of the GWHP system. In summer, the extraction well pump was adjusted 

to change the water flow rate and to maintain the outlet temperature of the heat exchanger at 18 °C. In winter, the 

groundwater was pumped via another loop, including a heat pump chiller and a water tank. The water tank was 

added to store and supply hot water to keep the temperature of the water supplied (Pt1) at 32 °C, under the condition 

that the heat pump outlet temperature (Pt2) be lower than 40 °C and the water tank outlet temperature (Pt4) was 

lower than 36 °C. This control aims to keep the heat pump operating under safe and highly efficient conditions. 

Otherwise, the heat pump outlet temperature would increase without control and cause system overload error. 

 

 

(a) RCP system 
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(b) GWHP system in summer 

 

 

 

(c) GWHP system in winter 
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(d) Control process in winter 

Fig.3-15 Schematic of the control of RCP and GWHP system 
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In this study, in situ thermal comfort measurements were conducted in an office (457.39 m2) in the building. The 

office was equipped with the novel open-type RCP and displacement ventilation systems. As shown in Fig.3-16 (a), 

the panels were freely suspended 1.4 m beneath the ceiling and 2.7 m above the floor. They occupied over 200 m2 

of the ceiling area. The system was divided into two parts which were independently controlled using different 

water supply circuits. Fig.3-16 (b) shows the position and layout of the supply air and exhaust air diffuser. The 

displacement ventilation system delivers fresh air provided by the outdoor-air handling unit through the ceiling/floor 

supply air diffusers and extracts air from the ceiling exhaust air diffuser.   

 

 

(a) Elevation view 

 

 

(b) Plan view 

Fig.3-16 Elevation and plan view of the target office  

 

The heating and cooling systems typically operate intermittently. They operate from 7:00 a.m. to 20:00 p.m. on 

workdays. This study verified the indoor thermal conditions of the usual intermittent operating mode during summer 

and winter. Moreover, a continuous operating mode was added during the winter season for comparison. The 
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operating methods and dates are summarized in Table 3-8. 

 

Table 3-8 The operating method and dates 

Operating method  Date  

Intermittent 08/17–08/21/2020 

Continuous 01/12–01/15/2021 

Intermittent 01/18–01/20/2021 

 

3.3.2 Research methods 

In this study, physical measurements of the surrounding environmental conditions were conducted to evaluate 

indoor thermal comfort under the operation of the open-type RCP system. The experimental measurements of the 

indoor thermal conditions were recorded on 08/17–08/21/2020 and 01/12–01/20/2021. Simultaneously, staff 

members working in the office were invited to answer questions on thermal sensation and thermal comfort based 

on their experiences during the day. 

The indoor air temperature was measured using 12 temperature sensors, which were hung in three lines fixed in 

the north, west, and middle of the office room, as shown in Fig.3-17. Two temperature sensors were attached to the 

top and bottom surfaces of the panel to measure the temperature of the panel surfaces. Two different colored globe 

thermometers were positioned at the height of a seated person (1.2 m) in the South and West Lines near the south 

and west windows. To accurately record the mean radiant temperature (MRT), a white solid globe thermometer was 

hung in the South Line, and a black solid globe thermometer was hung in the West Line. All temperature sensors 

were connected to data loggers (YOKOGAWA XL100) to record the temperature at 30 min intervals. In addition, 

the temperature data loggers were directly adhered to the surface of each wall, ground, and ceiling to measure the 

wall surface temperature and check the insulation effect on the envelope.  

The uniform distribution of the panel surface temperature was also tested using an infrared camera (NEC 

TN9100) fixed on a stand (height 0.8 m) positioned near the south window. The camera was set on 08/19/2020, and 

it automatically took photos every hour from 8:30 a.m. to 5:30 p.m. CO2 concentration in this office was measured 

using two CO2 sensors hanging in the South and West Lines. The relative humidity sensors measured the indoor 

humidity at a height of 1.1 m in the three measurement lines.  

Furthermore, Table 3-9 lists the error values of the temperature, flow rate, heat flux, CO2 concentration, and 

humidity mentioned in the instrument’s technical manual. 
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Fig.3-17 Schematic and photos of the physical measurements 

 

Table 3-9 Error in the instruments used in this study 

Experimental measurements Device Range Error 

Tair, Ts, MRT T-type Thermocouple -200–200 °C ±0.75% 

Twall T&D TR51A -40–80 °C ±0.5 °C 

Wall heat flux MF-180 Use condition: -20–120 °C ±2% 

CO2 concentration GMP222 CO2 sensor 0–5000 ppm ±3.5%  

Relative humidity NOVALYNX 220-HMP155D 0–100 %RH ±1% 

Tin, Tout PT100 -50 -250 °C ±0.12% 

Flow rate (G) Electronic flowmeter 0.3 – 20 m/s ±0.5% 

 

On the other hand, the surveys questionnaires were issued to analyze the thermal responses of the staff working 

in this office. The questionnaire comprised two sections to record subjective and objective measurements as follows: 

(1) Section 1- Personal information: Staff members were requested to answer this section only once in advance. It 

included personal information, such as gender, age, physical characteristics, and working information (e.g., job 

characteristics, work clothing habits). In addition, the participants were asked to circle their working positions due 

to the separation of the RCP system. 

(2) Section 2-Thermal perceptions of occupants: This section records the thermal perceptions of occupants, 

including thermal sensation votes (TSV) and thermal comfort votes (TCV), as shown in Fig.3-18. If they felt 

uncomfortable, or even slightly uncomfortable, they were invited to provide the exact reason for their response and 

the specific time when they felt uncomfortable. 
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Fig.3-18 Scale of thermal sensation votes and thermal comfort votes 
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Fig. 3-19 Sample of questionnaires (English translated version) 

 

In the end, after considering the accuracy and continuity of the answers, approximately 24 valid questionnaires 

were obtained and used for further analysis, and each answer was valid for at least 4 days. Personal information 

statistics are presented in Table 3-10. 

 

Table 3-10 Statistics of age, height, weight, and insulation of participants 

Gender 
 

Age 
Height (cm) Weight (kg) 

clo 

20–40 Over 40 Summer Winter 

Male 20 6 14 168.6 66.2 0.51 0.68 

Female 4 3 1 166.0 61.8 0.48 0.73 

All 24 9 15 168.6 66.3 0.50 0.70 
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3.3.3 Measurement results 

Fig.3-20 shows the overall average vertical indoor air temperature profiles of all the study days at the 

measurement positions - South, Middle, and West Lines. The grey lines represent the daily average of each study 

day. The maximum vertical temperature difference in the occupancy area (<1.8 m) is approximately 0.5 K in 

summer and 1.5 K in winter.  

In the winter season, the air temperature in the South Line was approximately 2 K lower than that in the Middle 

and West Lines, as shown in Fig.3-20 (b), because the South and Middle Lines were in the area conditioned by the 

north loop group, and the West Line was in the area conditioned by the south loop group. The indoor temperature 

in blind areas of the office, such as the South Line, deviated by 2 K from the set value.  

 

 

(a) summer 

 

 

(b) winter 

Fig.3-20 Vertical temperature distribution in the office  

 

Real-time indoor and outdoor air temperatures are shown in Fig.3-21. The South, Middle, and West Line 

represents the average indoor air temperature at each measurement position, and the MRT is the temperature 

measured using globe thermometers. In summer, the indoor air temperature remained stable and varied around 

24±1 °C. In winter, the system kept the indoor temperature stable at 23 °C±1 °C during the day. However, the indoor 
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air temperature significantly declines at night when the RCP system is turned off. This leads to a lower air 

temperature in the morning, owing to the system response delay. The MRT is merely 0.5 °C higher (black globe 

thermometer) or lower (white globe thermometer) than the air temperature due to the well-insulated envelope and 

slow indoor air movement. 

 

 

(a) summer, intermittent operation 

 

 

(b) winter, intermittent operation 



 

Chapter 3 Performance analysis of the open-type RCP system through experiments 

63 

 

(c) winter, continuous operation  

Fig.3-21 Variation in indoor air temperature with time in the office  

 

Fig. 3-22 show the panel surface temperature at three measurement positions, two measurements recorded using 

BEMS, and the heat flux calculated based on the inlet/outlet water temperature and flow rate by Eq. (3-12).  

𝑞 =
𝜌𝐶𝑝𝐺(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐴
(3 − 12) 

Cp is the specific heat of water (kJ/kg·K); G is the water flow rate (m3/s); ρ is the density of water (kg/m3); Tin 

and Tout are the inlet and outlet temperatures, respectively, of the water flowing through the tubes; and Ap is the 

projected area of the radiant panel (m2). 

In the RCP system, the panel surface temperature varied depending on the supply water flow rate, supply water 

temperature, and ambient conditions. In summer, the panel surface temperature was approximately 24 °C. However, 

in winter, the temperature varied in different measurement lines, where it was 23 °C in the South Line, 24 °C in the 

Middle Line, and 25.5 °C in the West Line. BEMSGroup1 and BEMSGroup2 are the BEMS’s panel temperature 

measurement points that are located in the covered areas for different panel groups. The results show that the panel 

surface temperature for each panel group loop had a difference of 1.5 K. The possible explanation for this is that the 

RCP operation was independently controlled according to the indoor temperature measurements in each group zone. 

Notably, the panel surface temperature in the same panel group, also showed a difference of 1 K.  
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(a) summer, intermittent operation 

 

 

(b) winter, intermittent operation 

 

 

(c) winter, continuous operation  

Fig.3-22 Panel surface temperature and heat flux in the office  
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Fig.3-23 shows the infrared images of the ceiling panel from 9:00 to 17:00 on Aug 19, 2020, during the summer. 

The light temperature was significantly higher than the surface temperature of the surrounding panel. Thus, the 

temperature difference was analyzed within area “A” without the effect of light. The minimum temperature was 

close to the measured panel surface temperature, whereas the maximum temperature originated from the gap 

between the panels. The difference between the maximum and minimum temperatures was less than 2 K because 

the panels were arranged tightly. It was concluded that the RCP system in the office could achieve a uniform surface 

temperature distribution. However, there was a significant temperature discrepancy between the two RCP system 

groups in the image at 10:00 a.m. because they were independent water supply systems, and the temperature 

difference between the two groups then disappeared with time. 

 

 

Fig.3-23 Infrared image of the RCP system  

 

The box plot illustrates the variations in indoor and outdoor relative humidity during the study period (night data 

were also included). The indoor humidity in Fig.16 summarizes the average indoor humidity measured in the office. 

The indoor humidity was primarily controlled by the air processing unit and occasionally by natural ventilation in 

summer, as the RCP system could not remove latent heat. The outside humidity varied from 50% to approximately 

95% in both summer and winter. However, the indoor humidity was stable at 55% in summer and 30% in winter. 

Compared with intermittent operation, continuous operation could maintain humidity within a narrow range. 

Nonetheless, the intermittent operation could satisfy the comfortable environment requirement range of 30–60%. 

 

 

Fig.3-24 Boxplot of indoor and outdoor humidity 
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Fig.3-25 shows the variations in indoor and outdoor humidity in the summer. On sunny days in summer, the staff 

typically opens windows inside the office, as well as the clerestory windows of the penthouse on the top of the 

building. This might cause fluctuations in the indoor humidity measurements.  

 

 

Fig.3-25 Humidity variations with time in summer 

 

Fig.3-26 show the results of the CO2 concentration measurement in the South and West Lines. Because the West 

Line was closer to the office desks, the CO2 concentration there was always higher than that on the South Line. The 

CO2 concentration was maintained below 1000 ppm to meet the required indoor air quality. The concentration 

gradually increased after 8:00 a.m. when the office staff enter and decreased after working hours. On winter and 

rainy days in summer, similar to what was seen on Aug 20, the windows were closed, and the usage of natural 

ventilation was kept at the lowest level. Thus, the concentration was higher than on days when natural ventilation 

was used (Aug 17–19). In addition, the CO2 concentration always increased slightly around 15:00 p.m. in winter 

because it is the time when staff return to the office from the site. According to the results, it is recommended to 

adjust the ventilation system depending on the occupancy schedule and weather, rather than using a constant supply 

air flow rate. 

 

 

(a) summer, intermittent operation 
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(b) winter, intermittent operation 

 

 

(c) winter, continuous operation  

Fig.3-26 CO2 concentration in the office  

 

Fig.3-27 shows the results of the TSVs and TCVs from the survey questionnaire. The mean TSV was calculated 

as 0.15 in summer, -0.36 in winter and -0.16 during the period of continuous operation. According to the TCVs, it 

can be concluded that the RCP system can achieve the required comfortable indoor thermal condition in the office. 

Compared with the intermittent operation methods, continuous operation likely makes people feel slightly more 

comfortable, as the TSVs of the continuous operation were closer to zero.  

However, 50% of the staff felt slightly hot, and 20% of the staff answered that they felt slightly uncomfortable 

with the indoor environment on August 19. The time at which the staff felt uncomfortable was primarily from 2:00–

5:00 p.m. Briefly, 60% of the staff who felt slightly uncomfortable stated that high humidity was the major reason 

why they felt uncomfortable, while the other 10% blamed low air velocity as the major reason. When comparing 

the humidity with the recommendation from the standard and the former results of the other 4 days (Fig.3-25), the 

value was within the comfort range and was the same as on the other days. A possible explanation for this 

phenomenon might be that the slow air movement of the radiant system does not favor the efficient evaporation of 

sweat, which leads to a hot sensation and suffocating feeling. Thus, the uncomfortable feeling might be reduced by 

increasing the ventilation rate when the weather is hot. 

In addition, the thermal comfort in the covered areas of different RCP groups was compared because of the 
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independent control strategy. Thus, it is also recommended to apply an advanced local control strategy to the RCP 

system rather than using the same and constant temperature setting.  

 

 

(a) summer 

 

 

(b) winter 

Fig.3-27 The results of TSV and TCV in the office  

 

3.3.4 Analysis of the time constant 

The thermal time constant (τ) of the building envelope was calculated using a simplified method [19][20] from 

the heat storage capacity of the storage mass (Cm, J/K), and the coupling thermal conductance coefficient of internal 

thermal mass (Hm, W/K), using the following simplified equation: 

𝜏 =
𝐶𝑚

3600𝐻𝑚

(3 − 13) 

The heat storage capacity Cm was calculated by summing the heat capacities xj (J/(m3·K)) of all structural 

elements in direct thermal contact with the air inside the analyzed area. This is done using Eq. (3-13). 

𝐶𝑚 = ∑ 𝑥𝑗 ∙ 𝐴𝑗 ∙ 𝑑𝑗 (3 − 14) 

where Aj is the area of the elements (m2) and dj is the thickness of the elements (m). 

The coupling thermal coefficient of the internal thermal mass Hm was calculated using the following equation: 

𝐻𝑚 = 𝐻𝑡𝑟 + 𝐻𝑣𝑒 (3 − 15) 
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where Htr is the thermal conductance from transmission, and Hve is the thermal conductance from ventilation. In 

addition, Htr is the thermal conductance from transmission, which is a specific characteristic of the building envelope, 

and can be represented by the thermal transmission coefficient U-value (W/(m2·K)). Hve is the thermal conductance 

from the ventilation, which is evaluated using the following equation: 

𝐻𝑣𝑒 = 𝜌𝑎 ∙ 𝐶𝑎 ∙ 𝑞𝑣𝑒 (3 − 16) 

where ρa·Ca is the heat capacity of the air volume, which is equal to 1200 J/(m3·K), and qve is the flow of air in 

the conditioned space (m3/s). 

Finally, Table 3-11 summarizes the characteristics of the envelope of the target office, and the parameters 

calculated using Eq. (3-13) - Eq. (3-16). 

 

Table 3-11 Thermal time constant of the target office 

 Exterior wall Roof Target office 

A (m2) 141.36 457.39  

Cm (kJ/K) 49081 214224 263305 

U (W/(m2·K)) 0.24 0.36  

Htr (W/K)   198.6 

Hve (W/K)   616.7 

Hm (W/K)   815.3 

τ   89.7 

 

The time constants of the indoor air and panel surface temperatures were calculated based on the measurements. 

Table 3-12 presents the calculated results of the time constant (τ) of the indoor air at each measurement position 

after the system started operating on August 19 and January 19. The time constant was given as a requirement to 

change 63% of the total difference between the initial and final temperatures. The average time constant of the 

indoor air temperature was 56 min in the summer and 1 h 52 min in the winter. 

 

Table 3-12 Time constant of the indoor air temperature 

  Start temperature (°C) End temperature (°C) τ 

Summer South Line 25.2 24.9 1:04 

Middle Line 24.9 24.5 0:52 

West Line 25.0 24.5 0:54 

Winter South Line 20.6 22.5 1:59 

Middle Line 21.6 23.6 1:44 

West Line 21.9 23.8 1:54 

 

Table 3-13 shows the time constant of the panel surface temperature when the system started at 7:00 a.m. on 

August 19 and January 19. The average time constant of the indoor air temperature was 51 min in summer and 1 h 

13 min in winter. 
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Table 3-13 Time constant of the panel surface temperature 

  Start temperature (°C) End temperature (°C) τ 

Summer South Line 25.4 24.5 0:50 

Middle Line 25.1 23.5 0:50 

West Line 25.2 23.7 0:53 

Winter South Line 20.6 22.9 1:08 

Middle Line 21.9 24.0 0:57 

West Line 21.5 24.4 1:35 

 

3.3.5 Analysis of the energy consumption 

Table 3-14 summarizes the system performance and energy consumption of the RCP system and GWHP system 

in winter to compare the intermittent and continuous operation methods. The total electric power consumption was 

160 kWh/day in intermittent operation, which was lower, by approximately 19 kWh, than that under continuous 

operation. However, the heat pump performance was better when using the continuous operation mode because the 

COP was higher than the intermittent operation mode. The COP and SCOP were calculated using the following 

equations: 

𝐶𝑂𝑃 =
∑ 𝑄𝑜𝑢𝑡

∑ 𝐸𝐻𝑃

(3 − 17) 

𝑆𝐶𝑂𝑃 =
∑ 𝑄𝑜𝑢𝑡

∑(𝐸𝐻𝑃 + 𝐸𝑊𝑃 + 𝐸𝑐𝑝1 + 𝐸𝑐𝑝2 + 𝐸𝑅𝐶𝑃)
(3 − 18) 

According to the law of the Carnot cycle, the ideal COP can be expressed by dividing the condensing temperature 

by the difference between the condensing and evaporating temperatures. Thus, the heat pump efficiency generally 

increases with increasing evaporation temperature. Consequently, the COP during continuous operation increased 

by approximately 10% as the evaporating temperature increased. 

The comparison between continuous and intermittent operations shows that different operation methods lead to 

different performances. A suitable operation mode has great potential to save more energy while maintaining indoor 

thermal conditions in a more comfortable zone. Therefore, it is necessary to optimize the operating conditions and 

control methods in future studies. 

 

Table 3-14 Comparison between continuous and intermittent operations in winter 

 Continuous operation Intermittent operation 

Date 2021.01.12-01.15 2021.01.18-01.20 

Total heating time (h) 87.8 46.9 

Heat transfer amount (kWh) 2196.3 1404.4 

Heating capacity (kW) 25.0 29.9 

Energy consumption 

Heat pump (kWh) 525.5 364.1 

Well pump (kWh) 51.8 31.9 

Primary pump (kWh) 12.7 8.0 
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Secondary pump (kWh) 9.9 6.3 

Water circulating pump (kWh) 79.3 42.9 

Total electric power consumption (kWh) 714.9 480.10 

COP  4.18 3.86 

SCOP   3.07 2.93 

Indoor air temperature in target office (°C) 23.4 23.2 

Condensation outlet temperature (°C) 34.2 33.0 

Evaporator outlet temperature (°C) 6.5 4.8 

Well backwater temperature (°C) 9.0 8.6 

Secondary circulating flow rate (L/min) 85.5 93.5 

Primary circulating flow rate (L/min) 84.1 84.1 

RCP system circulating flow rate (L/min) 111.1/85.4 110.8/84.9 

Well pumping flow rate [L/min] 77.1 82.7 

 

Fig.3-28 illustrates the monthly average indoor air temperature and electric energy consumption of each part, 

including air conditioning, ventilation, lighting, hot water, elevator, and power generated by solar PV during 2019 

and 2020. The energy consumption of the heating and cooling system accounted for 48% of the total annual energy 

consumed, and more than 60% of that from December to March. This also results in an evident increase in total 

energy consumption during winter. However, the energy consumption was lowest in May and June, as the outside 

temperature was neither hot nor cold, thus the air-conditioning system was used less. Moreover, the energy 

consumption of ventilation had almost doubled from 1,256 kWh (2019) to 2,189 kWh (2020) owing to the impact 

of the COVID-19 epidemic.  

 

 

 (a)  
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(b) 

Fig.3-28 Annual electrical energy consumption of the office building in (a)2019 and (b)2020 

 

Table 3-15 summarizes the primary energy consumption during 2019 and 2020, which was calculated based on 

the total electrical energy consumption. The conversion between electric energy and primary energy in energy-

saving standards was 9,970 kJ/kWh during the day and 9,280 kJ/kWh at night in Japan. The results were then 

compared with the primary energy consumption of the reference according to the ‘ZEB definition’ [21] in Japan, 

and with the primary energy consumption estimated at the design stage. The standard calculation methods of the 

primary energy consumption for the reference and design were prescribed according to the Japanese law published 

in 2016 [22]. The primary energy consumption of the reference building EST (GJ/year) is calculated by the 

following equation: 

𝐸𝑆𝑇 = (𝐸𝑆𝐴𝐶 + 𝐸𝑆𝑉 + 𝐸𝑆𝐿 + 𝐸𝑆𝐻𝑊 + 𝐸𝑆𝐸𝑉 + 𝐸𝑚) × 10−3 (3 − 19) 

where ESAC, ESV, ESL, ESHW, ESEV, and Em are the reference primary energy consumptions of air conditioning, 

ventilation, lighting, hot water, elevator, and others respectively. The calculation was mainly based on the proposed 

standard values in the law. 

Taking ESAC (MJ/year) as an example, the primary energy consumption of the air conditioning ESAC is calculated 

using Eq. (3-20). 

𝐸𝑆𝐴𝐶 = ∑(𝑎𝑆𝐴𝐶,𝑟 × 𝐴𝑟)

𝑛

𝑟=1

(3 − 20) 

where Ar is the room area (m2) and aSAC,r is the standard primary energy consumption per floor area (MJ/m2·year) 

proposed depending on the region, zone, and room type. In addition, the reference building located in Region No.2 

in Japan is assumed to use the traditional air source heat pump with COP of 3.24 in summer and 2.74 in winter. 

 

Table 3-15 Regional classification in Japan 

Region No. 
Total heat loss 

Ua [W/(m2·K)] 

Solar heat gain coefficient 

ηAC [-] 

1 
0.46 - 

2 
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3 0.56 

4 0.75 

5 

0.87 

3.0 

6 2.8 

7 2.7 

8 - 3.2 

 

The primary energy consumption of the building at the design stage ET (GJ/year) was calculated using Eq. (3-

21). 

𝐸𝑇 = (𝐸𝐴𝐶 + 𝐸𝑣 + 𝐸𝐿 + 𝐸𝐻𝑊 + 𝐸𝐸𝑉 − 𝐸𝑃𝑉 − 𝐸𝐶𝐺𝑆 + 𝐸𝑚) × 10−3 (3 − 21) 

Where EAC, EV, EL, EHW, EEV, and Em are the primary energy consumptions of air conditioning, ventilation, 

lighting, hot water, elevator, and others, respectively, at the design stage. EPV is the reduction in primary energy 

consumption using solar energy equipment. ECGS is the reduction in primary energy consumption using 

cogeneration systems. 

Each part of the energy consumption was calculated based on the building design itself. The following calculation 

flowchart shows the calculation of the primary energy consumption of air conditioning at the design stage EAC. 

 

 

Fig. 3-29 The primary energy consumption calculation flow chart of air conditioning EAC 

 

The calculations were conducted based on the specifications of each part of the system. For example, at the design 

stage, the specified cooling capacity and electric consumption of the heat pump chiller (MCRV-P450E, Mitsubishi 

Electric Corporation) were 45 kW and 11.1 kW, respectively. 

As a result, the total consumption decreased by 69% in the first year and 66% in the second year, compared with 

the reference. Nevertheless, the energy consumption, particularly that of the air-conditioning system, should be 
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further reduced and targeted to achieve the next level of being nearly-ZEB. 

 

Table 3-16 Primary energy consumption 

 Reference (GJ/year) Design (GJ/year) 2019 (GJ/year) 2020 (GJ/year) 

Air-conditioning 1249 528 427 462 

Ventilation 65 53 12 21 

lighting 574 138 123 110 

Hot water 23 37 26 22 

Elevator 24 21 10 10 

Solar energy  -141 -86 -126 

Other 368 368 330 382 

 

3.3.6 Economic study and discussion of building envelope 

The building energy system was also examined financially in terms of cost-effectiveness, by calculating simple 

payback period according to the following equations. 

 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐶𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤 𝑝𝑒𝑟 𝑝𝑒𝑟𝑖𝑜𝑑
(3 − 22) 

 

The initial investment is summarized in Table 3-17. The useful life of the RCP system refers to 15-20 years so 

that the maintenance and operating costs are considered as zero. The cash inflow per period considers the yearly net 

profits from the energy saving and CO2 emission reduction as Eq. (3-23). 

 

𝐶𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤 (
𝐽𝑃𝑌

𝑦𝑒𝑎𝑟
) = 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑎𝑣𝑖𝑛𝑔 (

𝑘𝑊ℎ

𝑦𝑒𝑎𝑟
) × 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑡𝑟𝑎𝑖𝑓𝑓 (

𝐽𝑃𝑌

𝑦𝑒𝑎𝑟
) 

+𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (
𝑡𝑜𝑛

𝑦𝑒𝑎𝑟
) × 𝐶𝑂2 𝑝𝑟𝑖𝑐𝑒 (

𝐽𝑃𝑌

𝑦𝑒𝑎𝑟
) (3 − 23) 

 

The amount of energy saving has been evaluated in Section 3.3.5. Electricity tariff is approximately 25 JPY/kWh 

for commercial buildings in Japan [23], while CO2 price according to state and trend in Japan is about 285 JPY/CO2e 

ton [24]. The CO2 emission reduction is roughly estimated by the amount of energy saving and CO2 emission 

coefficient, which is 0.442 (kg CO2/kWh) [25]. As a result, the simple payback period using the RCP system is 13.2 

years. Although the design of the groundwater heating and cooling system in this study is complicated, the system 

can be simplified with lower initial costs for general application in the pre-design stage. The system designs 

including the panel number and arrangement are supposed to be optimized. Moreover, it is recommended to apply 

multi-renewable energy sources for heating and cooling for further energy saving to achieve more financial benefits.  
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Table 3-17 Initial cost and simple payback period of this office building 

  Price (JPY) 

Initial investment 

Well drilling 10,000,000 

GWHP system (including heat pump chiller, 

pumps) 

6,000,000 

RCP system 22,000,000 

Piping system 10,000,000 

Total initial cost 48,000,000 

Maintenance and Operating costs  

Electric saving cost  3,614,600 

Carbon saving cost  18,419 

Simple payback period (Year)  13.2 

 

Finally, Table 3-18 presents the temperature measurement results for each external wall and floor. This illustrates 

that the surface temperature remained almost constant even when the outdoor temperature varied significantly 

because the envelope of this building had a high thermal capacity. A well-insulated envelope can maintain the 

fluctuation of indoor air temperature within a narrow range. Thus, it is necessary to further analyze the trade-off 

between a high thermal insulation envelope and highly efficient HVAC systems based on life cycle cost (LCC). The 

thermal performance of the integrated system should be tested under low thermal insulation conditions. 

 

Table 3-18 Indoor side envelope surface temperature 

  Summer Winter (continuous) Winter (intermittent) 

  Max Min Max Min Max Min 

Outdoor temperature (°C) 33.8 17.4 2.5 -7.3 -3.0 -9.0 

Wall temperature (°C) 

North 26.0 24.8 22.4 21.9 22.4 19.7 

South 25.4 24.1 21.8 21.3 21.8 20.3 

West 25.0 24.7 23.1 22.8 23.3 21.5 

Floor Temperature (°C) 24.8 24.2 23.3 22.5 23.4 21.5 
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3.4 Conclusions 

This study investigated the thermal performance of a novel open-type radiant ceiling panel (RCP) system by 

experiments in a laboratory test room and an nZEB office building. 

The heat flux of the RCP changed significantly with variations in the inlet water temperature. However, changing 

the flow rate had a smaller impact on the cooling capacity. The radiant heat transfer coefficient was constant at 5 

W/(m2·K), and the convective heat transfer coefficient exhibited an exponential relationship with the temperature 

difference between the indoor air and panel surface. The curved panel shape enhanced both radiation and convection. 

The convective heat transfer coefficient obtained with this panel was larger than other open-type RCPs. 

Through the application of the open-type RCP system and displacement ventilation system, a comfortable indoor 

thermal environment can be achieved. More than 70% of the staff selected the neutral level in the TSVs, and the 

uncomfortable rate was lower than 10%. Measuring the thermal condition in the target office showed that the indoor 

air temperature was approximately 24.5 °C in summer and 23 °C in winter. The indoor humidity was maintained at 

55% in summer and 30% in winter. The CO2 concentration was always within the acceptable level (≤ 1000 ppm).  

The RCP can achieve a uniform indoor air distribution. The maximum vertical temperature difference in the 

occupancy zone was approximately 0.5 K in summer and 1.5 K in winter, which is lower than the standard 

requirement. Concerns about heterogenous vertical temperature distribution can be eliminated.  

Compared with intermittent operation, the continuous operation could improve both the system performance and 

indoor thermal comfort as the COP of the heat pump increased and the TSV was closer to zero.  

The novel open-type RCP allows the use of a lower fluid flow rate to achieve a comfortable room environment, 

which shows a potential for saving energy. However, the experimental results reveal several weak points on system 

operation: 

(1) It is still challenging to prevent effects resulting from the building envelope.  

(2) When the RCP is applied in a large area, there are some blind areas and the horizontal temperature distribution 

is nonuniform. 

(3) The system shows a response delay during intermittent operation in winter. 

(4) The electrical energy consumption of continuous operation with better indoor thermal comfort costs more 

than that of intermittent operation mode. 

(5) The trade-off between a high thermal insulation envelope and highly efficient HVAC systems should be 

analyzed in terms of cost reduction. 

Therefore, by refining the system design and control methods, it has the potential to further improve the use of 

this open-type RCP system. 
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Nomenclature 

List of symbols 

As Panel surface area (m2) 

Ap Projected area of panel (m2) 

AUST Average Unheated Surface Temperature (ºC) 

MRT Mean radiant temperature (ºC) 

Top  The operative temperature (ºC) 

Ta Indoor air temperature (ºC) 

Ts Panel surface temperature (ºC) 

Tin Fluid inlet temperature (ºC) 

Tout Fluid outlet temperature (ºC) 

Twall Wall surface temperature (ºC) 

v Air velocity (m/s) 

G The water flow rate (m3/s) 

q Heat flux (W/m2) 

Q Heat amount (W) 

Cp The specific heat of water (kJ/(kg·K)) 

Fs-j View factor  

Fɛs-j Radiation interchange factor  

U Heat transmission coefficient (W/(m2·K)) 

TSV Thermal sensation vote 

TCV Thermal comfort vote 

COP Coefficient of performance 

SCOP System coefficient of performance 

E Energy consumption (kWh) 

Greek symbol 

σ Stefan-Boltzmann constants (W/m2 ·K4) 

λ Heat conductivity (W/(m·K)) 

ɛ Surface emissivity  

ρ Density (kg/m3) 

Abbreviations 

RCP Radiant ceiling panel 

GWHP Groundwater heat pump 

EN European Norm 

ANSI American national standards institute  

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

PCM Phase change material 
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BEMS Building energy management system 

ZEB Zero energy building 

Subscripts 

cl Cooling load 

r Radiation 

c Convection  

tot Total  

HP Heat pump 

WP Well pump 

CP1 Primary pump 

CP2 Secondary pump 
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4.1 Introduction 

Some issues of the novel open-type radiant ceiling panel (RCP) system in practical usage are revealed in Section 

3. In this section, improvements to the RCP system are explored through changes in the panel structure and 

integration of ventilation systems to address the following problems: 

(1) Enhancing the thermal capacity of the RCP system to reduce the energy consumption. 

(2) Preventing the occurrence of airflow caused by temperature differences between indoor air and envelopes to 

maintain a uniform temperature distribution. 

To optimize the system, it is essential to understand the operation behavior of the system and the impact of its 

parameters. This section mainly focuses on optimizing the RCP system at the design stage, where the use of 

experimental methods is both costly and time-consuming. Therefore, an optimization method combining numerical 

modeling with sensitivity analysis was employed, which is a highly effective approach for optimizing the system 

performance and system control. The numerical simulation can offer flexibility to adjust the operation conditions 

and investigate the behavior of the system, while the sensitivity analysis can provide a quantitative numerical 

analysis of the impact of various parameters on its performance.  

Many researchers have applied this method to optimize the radiant heating and cooling system while considering 

novel proposals. Tang et al. [1] propose a novel pulsed flow control method (PFM) for radiant slab (radiant floor) 

system. A 3D finite difference model of the radiant slab was developed to capture the dynamic behavior of the PFM. 

Then, a screening-based sensitivity analysis was used to identify the most important parameters in relation to energy 

performance in order to design and optimize the PFM. Talami and Jakubiec [2] studied three radiant system 

technologies applied to a parametric office building in the tropical climate of Singapore based on EnergyPlus 

simulation models. Morris sensitivity analysis was conducted to analyses the impact of 13 different building and 

system design parameters on comfort, system and energy performances for 3 radiant systems typologies. Pieska et 

al. [3] compared the performance of radiant cooling systems with and without dehumidification supplied by 

geothermal energy by building energy models. A sensitivity analysis is also conducted to assess the influence of 

selected input parameters on the simulation output. The authors [4] then studied a life-cycle assessment (LCA) of 

the radiant cooling system for a retrofit project of a small office building based on the building energy models in 

IDA-ICE 4.8. A sensitivity analysis was also conducted and revealed that the radiant system’s environmental impact 

is mainly dependent on the manufacturing process. Chen and Li [5] proposed an optimal control strategy for radiant 

floor heating systems based on a thermal response time prediction model by applying the gaussian process 

regression (GPR) algorithm. A sensitivity analysis of the response performance of the seven explanatory variables 

was conducted and a theoretical explanation was provided. Le Dreau and Heiselberg [6] investigated four different 

radiant terminals (active chilled beam, radiant floor, wall and ceiling) through steady-state simulations of a typical 

office room. Subsequently, a sensitivity analysis has been conducted to determine the parameters influencing their 

thermal performance the most. 

In this study, the Computational Fluid Dynamics (CFD) simulations were firstly carried out in enclosed spaces 

to analyze the thermal conditions and heat transfer efficiency for the proposed schemes. However, the desire for 

higher thermal comfort always conflicts with the goals of energy and cost reduction. The sensitivity analysis was 

then conducted to investigate the impact of each designable input parameter on the thermal performance of the RCP 
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system. The optimal panel structure and integration method were suggested based on the analysis results, 

considering factors such as cooling capacity, panel surface temperature, and indoor temperature distribution.  

The overview of the CFD method of the RCP system was first introduced in Section 4.2. This section describes 

the numerical models and simulation setup methods employed in the CFD analysis. In Section 4.3, the design of 

the novel open-type RCP with curved and segmented structure was optimized to maximize the cooling capacity. A 

three-dimensional CFD model was developed to investigate the cooling capacity and heat transfer coefficient of the 

RCPs installed inside a single enclosed room. Panel structure was determined based on four dependent parameters: 

the panel curvature width (L, m), the panel curvature radius (r, m), the void distance (d, m), and the panel coverage 

area (Ac, m2). The panel surface area (As, m2) and the ratio of panel curvature width to radius (L/r) were also 

examined. A total of 35 designs were compared under 7 different cooling load conditions. The sensitivity analysis 

was conducted based on the simulations and concluded that void distance plays the most crucial role in influencing 

cooling performance. In Section 4.4, a heating and cooling system integrating the novel open-type RCP with a wall-

attached ventilation (WAV) system was proposed to prevent the warm air stream that floats from the window, 

unfavorable influencing indoor thermal conditions. A three-dimensional CFD model of the RCP system was 

validated with the experimental results in the previous chamber test. Then, two WAV systems (ceiling inlet/ceiling 

outlet; ceiling inlet/floor outlet) are examined under various operating conditions. The result indicated that applying 

the ventilation system with a ceiling inlet and ceiling outlet is more effective than installing a ceiling inlet and a floor 

outlet. Finally, the surface response and sensitivity analysis of the operating condition are carried out to optimize 

the integrated system. The optimization objectives are to maximize the cooling capacity of the RCP system and 

minimize the flow rate and supply air temperature of the WAV system. 
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4.2 Overview on the CFD method applied to the RCP system 

The Computational Fluid Dynamics (CFD) method is generally used to simulate the thermal process of the RCP 

system used in an enclosed space. Firstly, some assumptions are applied before simulations in the CFD model as 

follows: 

1. The heat transfer is calculated under a steady state condition. 

2. The air density difference is ignored, and only the gravitational force effect is considered. 

3. The heat transfer between the water pipe and the panel surface is ignored, and the panel surface temperature is 

considered uniform. 

4. The emissivity is constant and a property of the surface, which is independent of wavelength. 

5. The surface is opaque and diffuse, and only the transferred radiation between two surfaces is considered. 

When modelling the RCP systems, it is common to assume that the panel surface temperature is 

constant under reasonable conditions. The temperature difference among the panel surface is far smaller 

than the difference between the panel and the surrounding area. The following table lists some studies 

which apply assumption in their simulations. 

 

Table 4-1 Examples of the boundary setting of the RCPs in CFD simulation 

Literature Objective Boundary setting of the panels 

Zhang et al. [7] Radiant ceiling A uniform surface temperature, and the temperature 

decay along the pipe was assumed to be negligible 

Chiang et al. [8] Cooling ceiling and 

mechanical ventilation 

system  

Two radiant cooling surface temperature settings: 

Ts=18 °C; Ts=22 °C 

Najafi and Haghighi 

[9] 

Radiant cooling panel system It is assumed that the whole 

ceiling area is covered by radiant cooling panels. 

The boundary condition of the ceiling is considered 

as constant temperature. 

 

When the simulations carry out, the computational domain is discretized into difference grids. The governing 

equations [10] are solved iteratively at each node of the grid until the convergence of residuals is achieved, 

describing the fundamental principles of fluid flow and heat transfer. In this study, the simulations were carried out 

in a steady state, and the equation are indicated as shown in Eq. (4-1) to Eq. (4-4). 

(a) Mass conservation: 

∇ ∙ (𝜌𝑣⃗) = 0 (4 − 1) 

(b) Momentum conservation: 

∇ ∙ (𝜌𝑣⃗𝑣⃗) = −∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌𝑔⃗ (4 − 2) 

where the surface stress tensor (𝜏̿, N/m2) is given by the following equation: 

𝜏̿ = 𝜇 [(∇𝑣⃗ + ∇𝑣⃗𝑇) −
2

3
∇ ∙ 𝑣⃗𝐼] (4 − 3) 
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(c) Energy conservation: 

∇ ∙ (𝜌𝐶𝑝𝑣⃗𝑇𝑓) = ∇ ∙ (𝑘𝑓∇𝑇𝑓) (4 − 4) 

ρ is the fluid density (kg/m3), v is the velocity vector (m/s), p is the static pressure (N/m2), ρg is the gravitational 

body force (N/m3), μ is the molecular viscosity (kg/m·s), I is the unit tensor, Cp is the specific heat capacity (J/kg·K), 

Tf is the fluid temperature (K), and kf is the fluid thermal conductivity (W/m·k). 

The turbulence model should also be included because it can accurately to solve the air movement problem and 

predict forced, natural, and mixed convection for indoor air flow. The two-equation model is commonly used to 

solve the problems related to radiant systems installed in an enclosed room, such as the standard k–ε model [11-13], 

RNG k–ε model [14], realizable k–ε model [15-16] or even SST k-ω [17]. Based on the model validation and 

comparison [18], the standard k–ε model proposed by Launder and Spalding (1972) was ultimately chosen in this 

study. The equations for turbulent kinetic energy k (m2/s2) and the turbulent dissipation rate ε (m2/s3) are expressed 

as Eq. (4-5) and Eq. (4-6), respectively: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − Υ𝑀 + 𝑆𝑘 (4 − 5) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝐼) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡
𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀 (4 − 6) 

μt is the turbulent viscosity (kg/m·s), as follows. 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜀
(4 − 7) 

ui is the velocity, Gk is the turbulence kinetic energy generated by the mean velocity gradients, Gb is 

the turbulence kinetic energy generated by buoyancy, and YM is the dilatation dissipation term. Cμ, σε, σk, 

C1ε, and C2ε are empirical constants with the following default values: Cμ = 0.09, σε = 1.2, σk = 1, C1ε = 

1.44, and C2ε = 1.92. Sk and Sε are the user-defined source terms. 

Additionally, radiative heat transfer accounts for a significant portion of total heat transfer in the RCP 

systems. Therefore, the surface-to-surface (S2S) radiation model are always used in the simulations to 

account for radiative heat transfer between the RCPs and other surfaces within the domain. In this model, 

the radiation of a surface (k) is composed of both emission and reflection.  

𝑞𝑘,𝑜𝑢𝑡 = 𝜀𝑘𝜎𝑇𝑘
4 + 𝜌𝑘𝑞𝑘,𝑖𝑛 (4 − 8) 

εk is the emissivity, σ is Boltzmann’s constant, and qk,in is the energy incident on the surface (k) from 

the surroundings, which is represented as a summation of radiation from the surrounding surface (j), as 

shown in Eq. (4-9). 

𝐴𝑘𝑞𝑘,𝑖𝑛 =∑𝐴𝑗𝐹𝑗𝑘𝑞𝑗,𝑜𝑢𝑡

𝑁

𝑗=1

(4 − 9) 

Ak and Aj are the area of surface k and surface j (m2), respectively; Fjk is the view factor between surface 

j and surface k; and qj,out is the radiative heat flux of the surface j (W/m2). 

On the other hand, the Boussinesq model is employed to model the natural convection in the closed 

space driven by buoyancy force. The model performs with the fluid density as a function of the 

temperature gradient as follows. 
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(𝜌 − 𝜌0)𝑔 ≈ −𝜌0𝛽(𝑇 − 𝑇0)𝑔 (4 − 10) 

ρ0 is the specified constant density of the flow, T0 is the operating temperature, and β is the thermal 

expansion coefficient. 
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4.3 Optimizing the shape of open-type RCP  

4.3.1 Parameter design of open-type RCP with curved and segmented structure 

The aim of this study is to explore the inter-relationship between panel design (including curved structure and 

panel distribution designs) and cooling performance. It was urgently required to determine the optimal design, 

which can balance contradictory goals in terms of enhancing cooling capacity and maintaining thermal comfort. 

Therefore, four independent parameters were used to determine the panel shape, as shown in Fig. 4-1: the panel 

curvature width L (m), the curvature radius r (m), the void distance between each panel or panel segment d (m), and 

the panel coverage area Ac (m2). Two dependent parameters were also investigated: the ratio of panel curvature 

width to radius L/r and panel surface area As (m2). The L/r ratio is a parameter affecting the curvature shape of the 

panel. The curvature of the panel increases with an increase in the value of L/r. The panel surface area As is a 

parameter depending on all four independent parameters and calculated according to Eq. (4-10). It closely relates 

to the manufacturing cost. Therefore, it is preferred to minimize the panel surface area in the de-sign stage. 

 

𝐴𝑠 =
2𝑠𝑖𝑛−1 (

𝐿
2𝑟)

180
𝜋𝑟 ∙ 𝑙 ∙ 𝑛 (4 − 10) 

 

Where l is the panel length (m), and n is the panel number related to the panel curvature width L, void distance d, 

and panel coverage area Ac. 

 

 

Fig.4-1 Schematic diagram of the panel and design parameters 

 

Thirty-five designs were created and compared to show the effect of each parameter. The values of each 

parameter in each case are summarized in Table 4-2. The panel curvature width L was altered from 0.03 to 0.12 m, 

the panel curvature radius r was altered from 0.03 m to 0.3 m, the void distance d was altered from 0 m to 0.33 m, 

and the panel cover area Ac was altered from 7.58 m2 to 12.96 m2. Accordingly, the L/r ratio varied from 0 to 2, and 

the panel surface area As varied from 2.51 m2 to 16.90 m2. When the effect of one independent parameter was 

examined individually, the other three parameters were held constant. Two dependent parameters—L/r ratio and 

As—were investigated with different panel width and curvature radius values, while the coverage area and void 

distance were the same. Additionally, four replenished designs were proposed for optimization and verification. 
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Table 4-2 Design of parameters 

Design L (m) r (m) d (m) L/r  Ac (m2) As (m2) 

1 0.03 0.06 0.03 0.5 12.96 8.18 

2 0.06 0.06 0.03 1 12.96 10.28 

3 0.09 0.06 0.03 1.5 12.96 11.72 

4 0.12 0.06 0.03 2 12.96 16.90 

5 0.06 0.03 0.03 2 12.96 14.90 

6 0.06 0.09 0.03 0.7 12.96 10.06 

7 0.06 0.15 0.03 0.4 12.96 9.96 

8 0.06 0.2 0.03 0.3 12.96 9.93 

9 0.06 0.3 0.03 0.2 12.96 9.91 

10 0.06 0.06 0 1 12.96 13.58 

11 0.06 0.06 0.01 1 12.96 13.05 

12 0.06 0.06 0.03 1 12.96 10.03 

13 0.06 0.06 0.06 1 12.96 7.53 

14 0.06 0.06 0.1 1 12.96 5.77 

15 0.06 0.06 0.14 1 12.96 4.51 

16 0.06 0.06 0.21 1 12.96 3.51 

17 0.06 0.06 0.33 1 12.96 2.51 

18 0.06 0.06 0.03 1 11.43 9.05 

19 0.06 0.06 0.03 1 10.80 8.53 

20 0.06 0.06 0.03 1 10.15 8.02 

21 0.06 0.06 0.03 1 8.86 7.02 

22 0.06 0.06 0.03 1 7.58 5.77 

23 0.1 0.09 0.03 1.1 12.96 11.18 

24 0.15 0.2 0.03 0.75 12.96 11.17 

25 0.2 0.4 0.03 0.5 12.96 10.85 

26 0.3 1 0.03 0.3 12.96 10.80 

27 0.16 - 0.03 0 12.96 10.84 

28 0.045 0.03 0.03 1.5 12.96 10.09 

29 0.135 0.09 0.03 1.5 12.96 12.65 

30 0.225 0.15 0.03 1.5 12.96 13.19 

31 0.3 0.2 0.03 1.5 12.96 13.73 

32 0.03 0.06 0.05 0.5 12.96 6.04 

33 0.03 0.06 0.1 0.5 12.96 3.62 

34 0.03 0.06 0.05 0.5 11.43 5.38 

35 0.03 0.06 0.1 0.5 11.43 3.35 
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4.3.2 CFD simulation set-up 

ANSYS 2020 R2 Fluent commercial software was used to perform the CFD simulations. A three-dimensional 

finite-volume model was developed to determine the heat transfer and temperature field. The enclosed room is 4 m 

(L) × 4 m (W) × 2.9 m (H), which has same dimensions and arrangement as the room model for a suspended flat 

panel validated by Shin et al. [15]. Twelve cylindrical occupant dummies with dimensions of 0.3 m (D) × 1.1 m (H) 

are deployed symmetrically in the room to mimic human bodies, generating energy dissipation in the space and 

representing a cooling load. The panels are suspended 0.3 m beneath the ceiling and arranged along the central line. 

In the validated case, the panel is one flat, solid panel with dimensions of 3.6 m (L) × 3.6 m (W) × 0.03 m (H), while 

in other cases with curved and segmented type panels, four independent panel design parameters (L, r, d, and Ac) 

are set using the design values listed in Table 4-2. Instead of directly inputting the coverage area Ac, the number of 

panels n is employed in the geometric drawing, which can be determined according to Eq. (4-11): 

𝑛 =
1

(𝐿 + 𝑑)
∙ (
𝐴𝑐

𝑙
+ 𝑑) (4 − 11) 

Moreover, the symmetry boundary condition was applied to the middle plane to simplify the modeling and 

accelerate the simulation speed due to the completely symmetrical characteristic of the room. In this study, all the 

simulations were conducted in half of the space, as shown in Fig. 4-2. 

 

 

Fig. 4-2 The geometry of the model and a cross-sectional view at the middle plane 

 

The mesh was generated by the ANSYS Meshing tool using tetrahedron mesh and inflation layers near the 

cylinder surface (Fig. 4-3 (a)). The grid around the wall, panel, and dummy cylinder surface was refined to address 

the expected high gradient of temperature by adding an inflation layer with 0.001 m first-layer thickness and a 

growth rate of 1.2. Mesh-independent analysis was carried out for one curved panel design to minimize the impact 

of element size on the simulation accuracy. Seven different element numbers were selected: (1) 216,283 (2) 597,963, 

(3) 927,073, (4) 1,432,275, (5) 2,191,931, (6) 2,616,270 and (7) 3,578,974. The total heat flux and indoor air 

temperature varied with an increasing number of elements, as shown in Fig. 4-3 (b). There-fore, the preferred 

number of elements was 1,432,275 in the present study, as the results demonstrated a change in heat flux of only 

0.17% and a change in average air temperature of only 0.81% compared with the finer mesh. 
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Fig. 4-3 (a) Computational mesh used in the present study (b) Results of mesh-independent analysis  

 

The governing equations are iteratively solved at each control volume in the computational domain until 

convergence is achieved. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm was 

applied for coupling pressure and momentum. The first-order upwind discretization scheme was chosen for 

turbulent kinetic energy and turbulent dissipation rate. The second-order upwind discretization scheme was used 

for the pressure, momentum, and energy. Enhanced wall treatment was selected as a wall treatment. The 

convergence criteria are 10−5 for all equations, with the exception of 10−6 for the energy equation. 

Table 4-3 lists the boundary conditions and emissivity. The room is assumed to be well-insulated without heat 

transfer so that the envelope is assigned to the adiabatic condition. The non-uniform temperature distribution on the 

panel surface always occurs from the rise of chilled water or pipe arrangement. However, the temperature difference 

on the panel surface has less effect than the large difference between the air and the panel. Our study mainly focuses 

on optimizing the panel shape design based on heat transfer performance to improve the cooling capacity and indoor 

thermal condition. Therefore, the panel surface temperature is set constant at 15.83 °C, which is the experimentally 

measured value given by Shin et al. [15]. Each panel design was investigated under seven different cooling load 

conditions (621.69 W, 746.03 W, 870.37 W, 994.71 W, 1119.04 W, 1243.38 W, and 1405.02 W), owing to 

differences in heat flux emitted from cylindrical dummies. In summary, 245 cases were simulated for analysis. 

 

Table 4-3 Boundary condition and emissivity of each surface 

 Condition Temperature (°C) Heat Flux (W/m2) Emissivity 

Wall/ceiling adiabatic - 0 0.82 

Floor adiabatic - 0 0.95 

Middle_plane symmetry - - - 

Panel_surface  T = constant 15.83 - 0.92 

Cylinder_outer q = constant - 50/60/70/80/90/100/113 0.92 

Cylinder_upper adiabatic - 0 0.92 
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4.3.3 Simulation results 

The CFD model was validated with the experimental results for a flat panel presented by Shin et al. [15]. Fig. 4-

4 shows the air temperature distribution of the vertical measured line in three validation cases in which the cooling 

load was adjusted from 469.92 W to 1409.76 W. The simulated temperature showed marginal differences, with an 

average error of 1.01% in Case 1, 0.89% in Case 2, and 0.86% in Case 3, indicating that the CFD model agrees 

with the experimental measurements conducted for the freely suspended panel under different cooling load 

conditions. 

 

 

Fig. 4-4 Comparison between CFD and experimental results reported by Shin et al. 

 

Different ceiling radiant cooling panels can be compared and evaluated using the cooling capacity curve present 

in the standard [19], which is represented by the cooling capacity and the difference between the operative and panel 

surface temperature (Eq. (17)). Previous studies [15][18] reported the curves under different cooling load conditions, 

adjusting the panel surface temperature to ensure that the indoor air temperature was within a comfort range. 

Nevertheless, in this study, the panel surface temperature was maintained at 15.83 °C in each case, with the cooling 

load increasing from 621.69 W to 1405.02 W. 

Fig. 4-5 compares the results of heat flux, heat transfer coefficient, average indoor air temperature, and the 

difference between operative and panel surface temperature, which were obtained under different panel surface 

temperature conditions. The panel surface temperature was set from 14.83 °C to 19.83 °C with an interval of 1 °C 

according to the design guidelines presented in [20]. Except for indoor air temperature increasing with the panel 

surface temperature increase, the heat flux and temperature difference were almost the same, with the difference 

maintained within 5%, indicating that different panel surface temperature settings only affect indoor thermal 

conditions but not the panel cooling performance. The amount of heat transferred from the panel is related to the 

load and the panel itself rather than the surface temperature. Therefore, the boundary setting of this study was 

simplified. 
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Fig. 4-5 Calculation results under different panel surface temperatures 

 

In this study, the total heat flux qtot (W/m2) is defined as the total heat transfer rate through all the panel surfaces 

divided by the panel surface area As (m2). 

𝑞𝑡𝑜𝑡 =
𝑄𝑡𝑜𝑡

𝐴𝑠

(4 − 12) 

The radiation and convection heat transfer coefficient are then calculated based on the following equations. 

ℎ𝑟 =
𝑄𝑟

𝐴𝑠(𝐴𝑈𝑆𝑇 − 𝑇𝑠)
(4 − 13) 

ℎ𝑐 =
𝑄𝑐

𝐴𝑠(𝑇𝑎 − 𝑇𝑠)
(4 − 14) 

where AUST is the area-weighted uncooled temperature of the surfaces excluding the panel surface (°C), Ta is 

the air temperature (°C), and Ts is the panel surface temperature (°C). Then, the operative temperature Top (°C) can 

be roughly determined by Eq. (4-15). 

𝑇𝑜𝑝 =
ℎ𝑐𝑇𝑎 + ℎ𝑟𝐴𝑈𝑆𝑇

ℎ𝑐 + ℎ𝑟
(4 − 15) 

The cooling capacity of RCPs is influenced by multiple factors—not only the panel design but also the cooling 

load, indoor condition, and panel surface temperature—making it difficult to evaluate and compare directly. 

Therefore, the cooling performance should be compared between different panel designs under a generalized 

operation condition. In this study, the cooling capacity was analyzed using power regression, which is in a functional 

relationship with the temperature difference between the operative and panel surface temperature as follows: 

𝑞 = 𝑘(𝑇𝑜𝑝 − 𝑇𝑠)
𝑛

(4 − 16) 

The nominal cooling capacity was obtained when the temperature difference was 8 K (Top−Ts = 8 K). All the 

designs were compared with a closed-type RCP proposed in the European Standard [20], named ‘Standard’, and 

an open-type flat RCP with a distributed layout proposed by Shin et al. [19], named ‘A-d’ in the following figures. 

The effect of panel curvature width is shown by comparing the results of Design No.1–No.4. The curvature width 

L of Design 1, Design 2, Design 3, and Design 4 is 0.03 m, 0.06 m, 0.09 m, and 0.12 m, respectively. While the 

curvature radius is maintained at 0.06 m, and the void distance is maintained at 0.03 m. As shown in Fig. 4-6, the 

cooling capacity and heat transfer coefficient decrease dramatically with increasing L. With a decrease in L from 

0.12 m to 0.03 m, the nominal cooling capacity increases by 35.8% from 113.89 W/m2 to 154.64 W/m2. Additionally, 



 

Chapter 4 Optimization for performance improvements by CFD simulation and sensitivity analysis 

92 

both the hr and hc are improved significantly by 49.8% and 35%, respectively, under the same cooling load condition. 

Compared with Design 2 and Design 3, the convective heat transfer accounts for more in Design 1 and Design 4. 

Fig. 4-7 compares the velocity contours in Design 1 and Design 4 under the highest cooling load. It is clear that the 

design with a shorter width contributes to accelerating the air moving through the openings around the panel to 

promote heat exchange. 

 

 

(a) (b) 

Fig. 4-6 Comparison of different panel curvature lengths (a) cooling capacity curves (b) thermal performances 

under a cooling load of 1405.02 W 

 

 

Fig. 4-7 Velocity contours in Design 1 and Design 4 under a cooling load of 1405.02 W 

 

Fig. 4-8 compares different curvature radii using the results from Design 5, Design 2, and Design No.6–No.9, 

with curvature radii 0.03 m, 0.06 m, 0.09 m, 0.15 m, 0.2 m, and 0.3 m, respectively. On the other hand, the panel 

curvature width is constant at 0.06 m, and the void distance is constant at 0.03 m. The results show that the cooling 

capacity and heat transfer coefficient increase with increasing curvature radius. In particular, the nominal cooling 

capacity and radiation heat transfer coefficient are obviously improved by 9.1% and 36%, respectively, when r is 

increased from 0.03 m to 0.06 m. However, when r is larger than 0.06 m, the impact of increasing r is significantly 

reduced. The nominal cooling capacity and radiation heat transfer coefficient only increase by 4.2% and 3.9%, 

respectively, when r is increased from 0.06 m to 0.3 m. 
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(a) (b) 

Fig. 4-8 Comparison of different panel curvature radius (a) cooling capacity curves (b) thermal performances 

under a cooling load of 1405.02 W 

 

Fig. 4-9 and Fig. 4-10 illustrate the effect of voids between adjacent panels or panel segments. Eight different 

distances were compared, varying from 0 m to 0.3 m, with L = 0.06 m and r = 0.06 m. A solid panel without an 

opening (Design 10) results in the same nominal cooling capacity as the RCP proposed by Shin et al. When d is 

expanded from 0 m to 0.03 m, the nominal cooling capacity increases significantly by 33% from 101.27 W/m2 to 

134.69 W/m2, and the hr and hc are improved by 6.4% and 92.9%, respectively. Including an opening between 

panels or panel segments can effectively increase convection heat transfer and enhance indoor air movement, as 

shown in the comparison of airflow distribution between Design 10 and Design 12 in Fig. 4-10. The cooling capacity, 

hr, and hc continue to increase as the distance increases, but the growth slows when d is larger than 0.06 m. In 

particular, the nominal cooling capacity is highest in Design 16 when d is 0.21 m, which is 4.4% higher than that in 

Design 13, 13.3% higher than that in Design 12, and 50.1% higher than that in Design 10. 

The indoor air temperature in Design 16 is 10 °C higher than in Design 10 and Design 12, as shown in Fig. 4-10, 

because the panel number in this design is too small to match the required total heat transfer amount. However, the 

air temperature uniformity in Design 16 is better than in the other two cases due to active air activity and sufficient 

heat exchange. The cooled air trapped on the top surface is allowed to move down, resulting in better cooling 

performance. 

 

(a) 
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(b) 

Fig. 4-9 Comparison of different void distances (a) cooling capacity curves (b) thermal performances under a 

cooling load of 1405.02 W 

 

 

Fig. 4-10 Velocity and temperature contours in Design 10, Design 12, and Design 16  

 

The effect of coverage area was investigated by comparing Design 2 and Design No.18–No.22, as shown in Fig. 

4-11. When the coverage area is 11.43 m2, the nominal cooling capacity is 12.8% higher than 7.58 m2 and 5.8% 

higher than 12.96 m2. The total heat transfer coefficient increases by 4.3% from 8.4 W/m2·K to 8.76 W/m2·K when 

the coverage area is reduced from 12.96 m2 to 7.58 m2. In other words, expanding the distance between the side of 

the panel and the wall within an appropriate range can enhance the cooling performance to the same extent as 

increasing the void distance between adjacent panels. 



 

Chapter 4 Optimization for performance improvements by CFD simulation and sensitivity analysis 

95 

 
(a) (b) 

Fig. 4-11 Comparison of different coverage areas (a) cooling capacity curves (b) thermal performances under a 

cooling load of 1405.02 W 

 

Two dependent parameters—L/r ratio and the panel surface area (As)—were examined with the other parameters 

unchanged. The L/r ratio is discussed by comparing Design No.23–No.27, as shown in Fig. 4-12, which have the 

same void of 0.03 m and surface area of 11 m2 ± 0.4 m2. As a result, when the L/r ratio is 0.5, the nominal cooling 

capacity is the highest, at 129.65 W/m2, which is about 5% higher than that of the flat design. On the other hand, 

the hc decreases by 12.2% and the hr increases by 3.6% when the L/r is decreased from 1.1 to 0, illustrating that the 

curved shape can effectively promote air movement over the top surface and enhance convective heat transfer 

because the curved structure has a streamlined shape. Notably, when comparing the optimum design of L/r = 0.5 

with the flat design, the hc is increased by 5.3%, and hr is maintained at the same value. 

The panel surface area (As) was considered with an L/r ratio of 1.5 for the same void distance and panel coverage 

area, as shown in Fig. 4-13. It should be noted that the L and r values are different in each design, as As is a dependent 

parameter related to all four independent design parameters. When As increases from 10.09 m2 to 13.73 m2, the 

nominal cooling capacity decreases by 15.2% from 136.11 W/m2 to 118.20 W/m2. The hr and hc in Design 28 are 

also 9.4% and 18.6% higher than those in Design 31, respectively. It is concluded that the short and distributed panel 

design with less panel surface area achieves better cooling performance than the large solid panel design. 

 

 
(a) (b) 

Fig. 4-12 Comparison of different L/r ratios (a) cooling capacity curves (b) thermal performances under a cooling 

load of 1405.02 W 
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(a) (b) 

Fig. 4-13 Comparison of different surface areas (a) cooling capacity curves (b) thermal performances under a 

cooling load of 1405.02 W 

 

4.3.4 Sensitivity analysis and optimization 

Based on the parametric analysis, the local sensitivity analysis of the effects of four independent design 

parameters on cooling capacity was carried out using the manual one-at-a-time (OAT) approach [21]. The 

sensitivities were measured by monitoring the changes in cooling capacity following the variation of one parameter 

while all other parameters were held constant. A linear regression equation was derived as a function of cooling 

capacity and each parameter. The results of sensitivity measures are summarized and compared in Fig. 4-14. 

Consistent with the above conclusion, the void distance d plays the most crucial role in influencing cooling capacity, 

followed by panel curvature width L and radius r. It is possible to achieve the same or even better indoor thermal 

conditions by applying fewer panels, demonstrating the potential for cost reduction by optimizing the panel 

arrangement and construction. 

 

 

Fig. 4-14 Sensitivity analysis of four dependent design parameters 

 

Fig. 4-15 shows the coefficient k and exponent n in Eq. (4-7) of each panel design. The coefficient k and exponent 

n of each design are summarized in Table 4-4. It is clear that different panel designs achieve totally different cooling 

performances, and that structural design is an effective way to improve the efficiency of the RCP system. All the 

RCP designs proposed in this study with curved and segmented shapes can achieve better cooling capacity than 
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those proposed in previous studies under the same condition. Moreover, four designs (Design No.32–No.35) were 

replenished, combining the concluded optimum panel design of L = 0.03 m and r = 0.06 m with the void distance 

and coverage area. Fig. 4-16 illustrates the flow and temperature fields on the symmetry plane in Design 1 and 

Design No.34–No.35. Design 34, with large openings between panels and between the panels and the wall, is the 

optimum among all the designs, if it prioritizes increasing the nominal cooling capacity. However, this design is 

unable to meet thermal comfort requirements under a cooling load of 1405.02 W in practice because of an 

insufficient number of panels. The temperature fields become more uniform in proposed Design No.34–No.35, but 

the average indoor temperature in Design 34 and Design 35 is about 4 K and 8 K higher than in Design 1, 

respectively. In regard to achieving both the thermal comfort conditions included in the ASHRAE standard [22] and 

maximum cooling capacity, Design 1 is the alternative optimum solution, which can maintain the indoor air 

temperature at 24.77 °C. Compared with Design 34, Design 1 has the same L and r values but with smaller opening 

areas. Therefore, (1) L = 0.03 m and r = 0.06 m represent the ideal panel shape, as concluded by comparing 35 

designs in this study; (2) larger void distance and openings between panels and the wall are able to promote cooling 

capacity. However, preference should be given to thermal comfort and the number of required panels, which can be 

decided according to cooling capacity and panel surface area. 

Finally, we also recommend verifying the generalization of this optimum design by applying other models or 

experiments in future studies. Further improvements in RCPs are also expected to be achieved through the 

application of advanced optimization methodology or the combination of different design strategies. 

 

 

Fig. 4-15 k and n of different RCP design (Top-Ts = 8 K) 
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Fig. 4-16 Velocity and temperature contours in Design 1, Design 34 and Design 35 

 

Table 4-4 Coefficient for the nominal cooling capacity equation 

 k n R2 q (∆T = 8 K) (W/m2) 

Standard [19] 7.489 1.051 - 66.6 

A-d [15] 5.8604 1.3674 - 100.6 

Design 1 14.448 1.14 0.9949 154.64 

Design 2 13.178 1.1193 0.9983 135.11 

Design 3 12.321 1.1118 0.9957 124.37 

Design 4 9.626 1.1882 1 113.89 

Design 5 9.8661 1.2165 0.9997 123.81 

Design 6 14.118 1.0942 0.9976 137.38 

Design 7 13.994 1.1053 0.9974 139.36 

Design 8 13.427 1.1261 0.9991 139.62 

Design 9 14.392 1.0968 0.9986 140.81 

Design 10 9.6204 1.132 0.9999 101.27 

Design 11 10.549 1.1707 0.9984 120.35 

Design 12 13.795 1.0974 0.9965 134.69 

Design 13 13.927 1.1322 0.9994 146.67 

Design 14 15.133 1.1075 0.9981 151.39 

Design 15 13.196 1.165 0.9997 148.78 

Design 16 14.418 1.1346 0.9994 152.60 

Design 17 14.01 1.1421 0.9992 150.61 

Design 18 14.198 1.1104 0.9843 142.90 

Design 19 12.365 1.1398 0.9987 132.29 

Design 20 13.795 1.0901 0.9987 133.10 

Design 21 12.23 1.1338 0.9996 129.23 

Design 22 10.507 1.1978 0.9978 126.82 

Design 23 12.19 1.13 0.9989 127.79 

Design 24 12.321 1.128 0.9979 128.63 

Design 25 12.68 1.118 0.9951 129.65 

Design 26 13.098 1.1004 0.9983 129.11 

Design 27 12.39 1.1065 0.9989 123.69 

Design 28 13.149 1.1239 0.9943 136.11 

Design 29 10.864 1.1631 0.9901 122.00 

Design 30 11.279 1.1475 0.9941 122.62 

Design 31 10.94 1.1445 0.9998 118.20 

Design 32 15.585 1.1182 0.9985 159.42 

Design 33 16.117 1.1143 0.9996 163.53 

Design 34 18.354 1.0754 0.9932 171.76 

Design 35 17.442 1.0877 0.9997 167.45 
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4.3.5 Conclusions 

In this study, we carried out a parametric analysis of an open-type RCP with a curved and segmented structure 

using CFD simulation to study the effect of panel structure on cooling capacity and heat transfer in comparison with 

conventional RCPs presented in the literature. Four independent and two dependent design parameters were 

investigated by comparing thirty-five panel designs and operating sensitivity analysis. The optimal panel design 

was then proposed in terms of cooling capacity, heat transfer coefficient, and airflow distribution. The results are as 

follows: 

1. The freely suspended RCP with curved shape and void in proposed this study achieves better cooling 

performance than the previous reference results. The nominal cooling capacity can be improved by 157.90% 

compared with the transitional panel design represented in the standard. 

2. The nominal cooling capacity and heat transfer coefficient increase with increasing panel curvature radius and 

decreasing curvature width. The nominal cooling capacity is highest when L = 0.03 m and r = 0.06 m, which is the 

optimal panel design among the designs proposed in this study. 

3. Compared with the large solid panel design, the short and distributed panel design with less panel surface area 

achieves better cooling performance because it can promote air movement around the panel and assist in sufficient 

heat exchange. 

4. The distances between adjacent panels and between the panel and the wall play the most significant role in 

improving the cooling performance of the panel, demonstrating the potential to simultaneously reduce costs and 

achieve better indoor thermal conditions by optimizing the distribution of RCPs. 

5. There should be a balance between improving cooling performance and ensuring the comfort of the indoor 

environment in practical operations. 
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4.4 Optimizing the integration of the open-type RCP with a 

wall attached ventilation system 

4.4.1 Integrated the RCP with different ventilation systems 

The RCP system is unable to circulate air to remove the latent heat and reduce contaminants to achieve standard 

indoor air quality [23]. It cannot prevent the warm draft of the hot window singly from diffusing into the 

environment, which affects the indoor thermal comfort negatively [24]. Therefore, the RCP system should always 

be integrated with a forced ventilation system.  

The ventilated air can be supplied either from the bottom or upper area, as summarized in Fig.4-17: 

In the bottom supply form, the Displacement Ventilation (DV) and Underfloor Air Distribution (UFAD) are 

commonly used, in which the air is supplied from the floor and returned via the ceiling. In these two ventilation 

systems, the room's heat source generates thermal plumes that contribute to the vertical air movement and bring 

heated and contaminated air into the ceiling. Also, these systems can prevent downward cold draught from the 

window through an additional perimeter-heating system near the external walls, especially in the winter season 

[25,26]. Krusaa and Hviid [27] combined a radiant ceiling panel with diffuse ventilation and investigated the thermal 

performance and thermal comfort of the system in a building with two offices numerically. Choi et al. [28] proposed 

the vertical radiant panel with displacement ventilation (DV) in hospital wards through experiments.  

In the upper supply form, Diffuse Ceiling Ventilation (DCV) is proposed to integrate with the radiant panel 

system, which is recommended for large-scale rooms and heating systems in the cold climate. In this system, the 

air is supplied through the gap between the ceiling panels with low air velocity [29,30]. Tian et al. [31] did a field 

study on the radiant ceiling cooling and overhead air distribution system (RCF). They found the RCF system can 

achieve better comfort conditions than conventional air conditioning at the same operative temperature range. Zhao 

et al. [32] studied three integrated systems-a radiant panel system combined with a low-velocity unit (LVRP), a 

radiant panel system combined with a personalized ventilation system (PVRP), and a radiant panel system 

combined with diffuse ceiling ventilation (DCV-RP). The results showed that both the LVRP and PVRP systems 

can satisfy the demand of the subjects and improve the perceived air quality. 

In this study, the integrated system is to reduce the warm draft’s effect from the window, which was detected in 

the experiments shown in Section 3. Therefore, the upper supply form- a wall attached ventilation (WAV) system 

[33] is selected to be used, which can deliver the air along the vertical wall as shown in Fig. 4-18. 

 

 

(a) Bottom supply form 
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(b) Upper supply form 

Fig.4-17 Different types of RCP system integrated with forced ventilation system 

 

 

Fig. 4-18 The schematic diagram of wall attached ventilation (WAV) [33] 

 

4.4.2 CFD simulation setup 

The three-dimensional finite volume model is developed by ANSYS 2020 R2 Fluent platform for validation and 

comparison purposes. The basic CFD model (Case 0) has the same dimension and arrangement with the chamber 

and the dummy cylinders in the previous experiment introduced in Section 3.2. In Case 1, a wall attached ventilation 

(WAV) system with rectangle intake and exhaust vents are added into the model, as illustrated in Fig. 4-19 (b). The 

air inlet vent is located beside the window, and the air exhaust vent is on the opposite side. Both inlet and outlet have 

the same dimensions (1.5 m × 0.03 m × 0.19 m) and are fixed at the same level as RCP. Case 2 uses the inlet at the 

same position as Case 1, while the outlet is placed on the floor level with the dimension of 1.5 m × 0.03 m as shown 

in Fig. 4-19 (c). Besides, the middle plane is a Y-Z Plane in the middle of the X-axis (X=1.35 m). 
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Fig. 4-19 The geometry of the chamber, RCP system and WAV system 
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The tetrahedron grid element is applied to discretize the space, as shown in Fig. 4-20. The inflation layers are 

adopted near the walls, dummy cylinder, and the RCP surfaces, the first layer thickness is 0.01 m, and the number 

of layers is 5 with a growth rate of 1.2 to achieve y+< 10. A mesh sensitivity test is performed on three meshes 

with 1,173,760; 1,402,063 and 2,018,382 elements to ensure that the mesh element size has no more impact on 

the solution accuracy as listed in Table 4-5. 

 

Fig.4-20 Grid of the simulation domain and the inflation layers 

 

Table 4-5 Mesh independent solution carried out for the CFD simulation 

Mesh number 1,173,760 1,402,063 2,018,382 

Average air temperature (°C) 25.50 25.46 25.39 

Total heat flux of RCP (W/m2) 25.19 25.26 25.34 

 

All the boundary conditions in Case 0 are summarized as shown in and Table 4-6. Case 1 and Case 2 have the 

same boundary condition as Case 0, while for the ventilation system, the inlet air temperature is set as 22.19 °C 

and the inlet air flow rate is 1.5 (L/m2)/s. 

 

Table 4-6 Boundary condition and emissivity of each surface 

 Emissivity  Condition Temperature (°C) Heat flux 

(W/m2) 

Velocity 

(m/s) 

Wall/Floor/Ceiling 0.82 adiabatic - 0 - 

Panel surface (up/ 

bottom) 

0.92 T=constant 22.19 - - 

Cylinder (outer wall) 0.92 q=constant - 59.5 - 

Cylinder (upper wall) 1 adiabatic - 0 - 

Window 0.92 q=constant - 42.2 - 

Insulation board 0.92 q=constant - 8.3 - 
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inlet - Velocity_inlet 22.19 - 0.2739 

outlet - Pressure_outlet - - - 

 

A SIMPLE algorithm was applied for coupling pressure and velocity, a first-order upwind discretization scheme 

was chosen for turbulent kinetic energy and turbulent dissipation rate, and a second-order upwind discretization 

scheme was used for the rest variables. The enhanced wall treatment was selected as a wall treatment. The 

convergence criteria are 10-5 for all equations except 10-6 for the energy equation. 

 

4.4.3 Simulation results 

The system's performance is evaluated based on two perspectives: (1) the indoor thermal comfort. (2) the heat 

transfer characteristics from the radiant panel to the surrounding surfaces and indoor space. From the results of the 

radiation and convection heat fluxes, the radiant heat flux coefficient (hr) and convective heat flux coefficient (hc) 

can be calculated by Eq. (4-17) and Eq. (4-18). 

ℎ𝑟 =
𝑞𝑟

(𝐴𝑈𝑆𝑇 − 𝑇𝑠)
(4 − 17) 

ℎ𝑐 =
𝑞𝑐

(𝑇𝑎 − 𝑇𝑠)
(4 − 18) 

Where Ts is the surface temperature of the radiant panel, Ta is the average air temperature in the test room, and 

AUST is the area-weighted average of the uncooled surface temperature. 

In addition, the predictive mean vote (PMV) is an index that describes the thermal sensation of the human body 

on the 7-points scale from +3 (hot) to -3 (cold); in CFD calculation, the humidity and human indexes are assumed 

to be 50%rh, 1met, 0.5 clo. Thus, the PMV is simplified to be a function of both operative temperature Top (ºC) and 

relative air velocity v (m/s) with a linear relationship as follows: 

𝑃𝑀𝑉 = 0.1019𝑇𝑜𝑝
1.34047 − 9.07322𝑣0.04656 (4 − 19) 

The CFD simulation was validated with the experimental results at first. The vertical air temperature distribution 

along Line 2 was drawn at 0.88 m to the left wall. The total/radiant heat flux and average air temperature in three 

measure lines are compared, and the error value is calculated. Fig. 4-21 and Fig. 4-22 show that the CFD model had 

a good agreement with the experimental results in heat transfer analysis and indoor air simulation. 

 

Fig. 4-21 The validation of the CFD model (Case 0) with experimental results in Line 2 (Section 3.2) 
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Fig. 4-22 Error between experiment and simulation results 

 

Fig. 4-23 shows the temperature, velocity, and PMV contours of the middle plane in Cases 0 -2. It indicates that 

both the air temperature decreases after integrating with the forced ventilation system. The average air temperature 

in the middle plane dips from 25.8 ºC to 25.3 ºC (Case 1) and 25.5 ºC (Case 2). The contours also illustrate that the 

downward cold air stream counters with the warm draft near the window. Therefore, it withstands the warm air 

stream tendency to buoy upward and propagate to the rest of the space. Accordingly, the ventilation system also 

reduces the air temperature in the middle part around dummy cylinders. When comparing Case 1 with Case 2, the 

air temperature in Case 1 is lower, and the ventilation system has better performance.  

Conversely, the average airspeed in all the cases is less than 0.21 m/s, which is smaller than the recommended 

air velocity of 0.25 m/s for cooling mode [34]. Moreover, the ventilation system accelerates the air close to the 

bottom of the window, and therefore the air velocity at the right of the room is also decreased. 

 

Case 0 Case 1 Case 2 
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Fig. 4-23 Air temperature, PMV, and air velocity distribution in the middle plane  

 

Heat transfer characteristics of Case 0-2 are analyzed through simulation results. As shown in Fig. 4-24 (a) and 

(b), after integrating with the ventilation system, the total heat flux drops from 52.55 W/m2 to 44.48 W/m2 (Case 1) 

and 51.18 W/m2 (Case 2) since the WAV system shares some part of heat transfer through the indoor air. The 

convection heat transfer of CRCP reduces by 21.6 % (Case 1) and 4.9 % (Case 2), while the radiant heat transfer of 

RCP reduces by 11.4 % (Case 1) and 1.2 % (Case 2). Moreover, the convective heat flux ratio drops from 38.7 % 

to 35.8 % (Case 1) and 37.8% (Case 2). By contrast, the proportion of radiant heat flux rises from 61.3 % to 64.2 % 

(Case 1) and 62.2% (Case 2). Nevertheless, the convective heat transfer coefficient and the radiant heat transfer 

coefficient decrease by about 5 % in Case 1. While the convective heat transfer coefficient in Case 2 increases a 

little. 

 

 

Fig.4-24 Radiant and convective heat flux and heat transfer coefficient of the RCP system 

 

4.4.4 Sensitivity analysis and optimization 

Comparing the cases with and without the ventilation system demonstrates that the ventilation system can 

decrease room temperature. The sensitivities analysis and optimization are carried out to select the optimum 

operating conditions using the ANSYS Design Explorer tool. Fig. 4-25 shows the steps and methods used in this 

study: 

1. Three operating parameters are defined; the ventilate air flow velocity, ventilated air temperature and panel 

surface temperature. Seven output variables are assigned, where three of them used later for optimization purposes. 

2. The Central Composite Design (CCD) algorithm available in the DOE is automatically sampled the design space. 

The design space's size is determined according to the number of the design parameters and its ranges.  
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3. Response Surface is computed from the design points to demonstrate the response of the objectives corresponding 

to the variation in the input parameters based on the Kriging interpolation algorithm.  

4. Objectives are defined in the Gool Driven Optimization (GDO) step, and the system can provide possible 

optimum designs within the limits of the input parameters fulfilling the goals and constraints of the objective output 

parameters. 

5. Finally, the thermal comfort of six optimum candidates is simulated, and compared (Case 1-1, Case 1-2, Case 1-

3, Case 2-1, Case 2-2, Case 2-3)  

 

 

Fig. 4-25 The operating process and methods of the optimization 

 

In this study, the analysis mainly considers three factors (two factors for ventilation, and one factor for RCP) as 

input parameters – (A)- inlet air velocity v, (B)- inlet air temperature Tin, and (C)- panel surface temperature Ts. The 

input/output parameters and objectives are shown in Fig. 4-26. Overall, this optimization's main objective is to 

increase the convective heat transfer of the RCP system and reduce the heat transfer of the WAV system as much as 

possible. 

 

 

Fig. 4-26 The design of input or output parameters and objectives in the ANSYS DesignXplorer tool 
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Central Composite Design (CCD) is an optimal design of an experiment (DOE) algorithm that allows a minimum 

number of experiments, calculation with the best precision possible of each factor's effects, and interactions. The 

number of design space points obtained at each number of factors is given by the formula as followed [35]: 

𝑁 = 2𝑛 + 2𝑛 + 𝑛𝑜 (4 − 20) 

Where n is the number of process factors (n=3), no is the number of the center points the designer desired for 

(no=1). In this study, a total of 15 design points (including the current design) is chosen.  

Response Surface Method is a mathematical and statistical method that interpolates the data generated from DOE 

using a correlation function to estimate the distribution of function value at unknown points. Kriging- one of the 

Response Surface is efficient in a large number of cases, suited to highly nonlinear responses, and widely used in 

the domain of spatial analysis and computer experiments [36]. This method. Lu et al. reviewed the Kriging model 

in the application of engineering optimization and discussed an advanced model [37]. 

Fig. 4-27 highlights the global sensitivity analysis of the impact of three input parameters: inlet air velocity, inlet 

air temperature, and panel surface temperature on the radiant and convective heat transfer of RCP system, and 

convective heat transfer of WAV system. Although the difference in value is minimal, the inlet air temperature is the 

most sensitive parameter affecting the cooling performance of the integrated system; followed by panel surface 

temperature (in Case 1) and inlet air velocity (in Case 2). 

 

 

Fig. 4-27 Sensitivities analysis results of three design variables 

 

Fig. 4-28 shows the response surfaces plot. These figures demonstrate that all response variables change almost 

linearly with increments or reduction. In both Case 1 and Case 2, when inlet air velocity increase, the convective 

and radiant heat transfer of the RCP system increase, the convective heat transfer of the WAV system decreases. In 

opposite, the convective and radiant heat transfer of the RCP system decreases with higher panel surface 

temperature and higher inlet air velocity. Consequently, sensitivity analysis can be concluded that raising the inlet 

air temperature is the most effective method to achieve the objectives. 
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Case 1 (ceiling inlet/ceiling outlet) Case 2 (ceiling inlet/floor outlet) 

  

(G)-Convective heat transfer of RCP system 

  

(E)-Radiant heat transfer of RCP system 



 

Chapter 4 Optimization for performance improvements by CFD simulation and sensitivity analysis 

110 

  

(H)-Convective heat transfer of WAV system 

Fig. 4-28 Three-dimensional surface responses with three design variables 

 

The Multi-Objective Genetic Algorithm (MOGA) used for the optimization is a hybrid variant of the popular 

Non-dominated Sorted Genetic Algorithm-II (NSGA-II) based on the fastnon-dominated sorting algorithm [38]. It 

takes the advantage of supporting all types of input parameters.  

Parallel coordinate plots show the design space distributed randomly Six green lines represent the results of 

candidate cases as shown in Fig. 4-29.  

 

 

(a) 

 

(b) 

Fig.4-29 Parallel coordinate charts displaying the relationship and variability of parameters according to filtered 

high multi-objective design goals 
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Table 4-7 lists six candidate cases for possible optimum operating conditions of the integrated system. When 

compare Candidate #1-6 with original Case 1 and Case 2, all the candidate cases use lower inlet air velocity, a 

relatively higher inlet air temperature, and surface temperature, which provides the possibility for energy saving. 

Two items are used to evaluate the achievement of the objectives: 1) the convective heat transfer ratio of RCP: 

Qc/Qtot; 2) Heat transfer of the WAV system: Qv. Notably, all the candidates can meet the design goals that improve 

the convection of the radiant ceiling panel. Compared with Case 1 and Case 2, almost all candidate cases enhance 

the convection rate in the RCP system and decrease the heat transfer in the WAV system. For example, in Case 1-1, 

the ratio of the convective heat transfer rises by 3.21 % and the heat transfer of the ventilation system descends by 

89.47 % from 38.54 W to 4.06 W. Consider all these input and output parameters, Candidate -2 and Candidate -5 is 

the best designed respectively for optimization of Case 1 and Case 2 in terms of energy saving. 

 

Table 4-7 Results of convection heat transfer in design candidate cases 

 Operating conditions Simulation results 

 v (m/s) Tin (°C) Ts (°C) Qc/Qtot (%) Qv (W) 

Case 1 0.2739 22.19 22.19 35.23 38.54 

(Candidate cases for Case 1) 

Candidate -1 0.075 24.53 22.19 38.44 4.06 

Candidate -2 0.164 25 23 37.67 20.87 

Candidate -3 0.164 22.5 22 37.30 21.98 

Case 2 0.2739 22.19 22.19 37.83 13.94 

(Candidate cases for Case 2) 

Candidate -4 0.118 24.76 22.76 37.92 7.79 

Candidate -5 0.086 24 23.13 37.73 8.46 

Candidate -6 0.07 23.8 22.24 38.15 6.07 

 

Fig. 4-30 illustrates the air temperature, velocity and PMV distribution in the middle plane of six candidate cases. 

Compared with Case 0-2, all candidate cases can get more uniform air temperature distribution and lower air 

velocity. The Cold air stream can prevent the warm draft from the window in all the cases except Candidate-5. In 

terms of energy saving, Candidate-2 and Candidate-5 are considered the energy-efficient operating condition, but 

the indoor temperature of the middle area exceeds 26.7 °C in Candidate-5, as shown in the temperature contour. 

Moreover, the temperature of Candidate 4-6 is about 1 °C higher than Candidate 1-3. After optimization, the case 

using ceiling inlet/ceiling outlet still performs better than ceiling inlet/floor outlet cases.  

If considering both energy-saving and thermal comfort, Candidate-2 is better than other cases even the indoor 

temperature of this case isn’t the lowest. In Candidate -2, it accessible to achieve better thermal comfort by using 

higher inlet and surface temperature and lower air velocity. 
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Candidate case for Case 1 (ceiling inlet/outlet)  

Candidate -1 Candidate -2 Candidate -3 

   

   

   

   

   

   

Candidate case for Case 2(ceiling inlet/floor outlet)  

Candidate-4 Candidate-5 Candidate-6 
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Fig. 4-30 Air temperature, velocity and PMV distribution in the middle plan of three candidate cases 

 

4.4.5 Conclusions 

This study optimizes the operating conditions of the integration system of a novel RCP with WAV system by 

using CFD simulation. The objectives include improve the indoor thermal conditions and save more energy. The 

results are concluded as follows: 

1. The CFD model had a good agreement with the experimental results. 

2. As a result of the sensitivity study, the inlet air temperature is the most sensitive parameter affecting the 

integrated system's cooling performance.  

3. When inlet air velocity and inlet air temperature increase, the convective and radiant heat transfer of the RCP 

system increase, the convective heat transfer of the WAV system decrease. 

4. The optimized operating condition in Case 1-2 allows the integrated system to operate under higher inlet and 

panel surface temperature (increased by 2.81 °C /0.81 °C) and lower air velocity (decreased by 0.1099m/s). Also, 

the PMV contours of Case 1-2 shows this case can achieve acceptable thermal comfort. 

In future study, the authors are planning to optimize the cooling water temperature and flow rate, which may help 

save more energy consumption of this integrated system. Also, the indoor air humidity and air quality also need to 

discuss. 
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Nomenclature 

List of symbols 

L Panel curvature width (m) 

r Panel curvature radius (m) 

d Void distance (m) 

Ac Panel coverage area (m2) 

As Panel surface area (m2) 

ν⃗ Velocity vector (m/s) 

p Static pressure (N/m2) 

I Unit tensor 

Cp Specific heat capacity (J/kg·K) 

k Turbulent kinetic energy (m2/s2) 

F⃗⃗⃗ External body force (N/m3) 

s Energy source terms (W/m3) 

Fjk View factor between surface j and surface k  

Aj, Ak Area of surface j and surface k (m2) 

qj, qk Radiant heat flux of surface j and surface k (W/m2) 

Sk, Sε Source terms of k-equation and ε equation (kg/m·s3) 

Cμ, C1ɛ, and C2ɛ Empirical constants 

l Panel length (m) 

n Panel number, number of factors 

Qs, Qtot Heat amount (W) 

Qr Radiant heat transfer amount (W) 

Qc Convective heat transfer amount (W) 

qtot Total heat flux (W/m2) 

qr Radiant heat transfer flux (W/m2) 

qc Convective heat transfer flux (W/m2) 

hr Radiant heat transfer coefficient (W/m2 ·K) 

hc Convective heat transfer coefficient (W/m2 ·K) 

AUST Uncooled surface temperature (ºC) 

Ta Indoor air temperature (ºC) 

Ts Panel surface temperature (ºC) 

Top Operative temperature (ºC) 

v Inlet air velocity (m/s) 

Tin Inlet air temperature (ºC) 

Qv Heat amount of ventilation system (W) 

Qload Heat load (W) 
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e Error 

Greek symbol 

ρ Density (kg/m3) 

𝜌0 Specific constant density of the flow (kg/m3) 

ρg⃗⃗ Gravitational body force (N/m3) 

𝜏̿ Surface stress tensor (N/m2) 

ε Turbulent dissipation rate (m2/s3) 

εk Emissivity 

𝛽 The thermal expansion coefficient (1/K) 

σk, σε The Prandtl numbers of k and ε equations  

μt The eddy viscosity (kg/m·s) 

σ Stefan-Boltzmann constants (W/m2 ·K4) 

Abbreviations 

RCP Radiant ceiling panel 

WAV Wall attached ventilation 

CFD Computational fluid dynamic 

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

PMV Predicted mean vote 

DV Displacement ventilation 

UFAD Underfloor air distribution 

DCV Diffuse ceiling ventilation 

CCD Central composite design 

DOE Design of experiment 

MOGA Multi-Objective Genetic Algorithm 

NSGA-II  Non-dominated Sorted Genetic Algorithm-II 
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5.1 Introduction 

Building energy systems are defined as those which are responsible for consumption of energy in buildings, 

which involves physical equipment, machinery or a combination of them. Recently, many researches aim to reduce 

building energy consumption with focuses such as advanced controls and renewable energy applications, while 

modeling is the basis in advancing those building technologies [1].  

In general, an energy system model is a mathematical model describing the behavior of the system. Modeling 

structure for any energy system is made up of input variables, output variables and the system itself. Input variables 

such as internal heat gains, thermostat set point settings, which can be controlled are regarded as controllable input 

variables. On the other hand, the weather data such as solar radiation, outdoor air temperature, wind speed are 

uncontrollable input variables. The variables which can describe the reaction of system to input variables, such as 

indoor air temperature and humidity, are considered as output variables. In certain cases, the energy consumption 

or energy use is also the output of the model. Mathematical equations of all the energy transfer processes are used 

to build the structure of the building energy system. When model a building energy system, it is required to 

determine any one of these three, when adequate information about the other two are available. The energy model 

is classified into the white-box, black-box or grey-box models. The grey-box models first formulate a physical 

model to represent the structure or physical configuration of the building or HVAC system, and then identifies 

important parameters representative of certain key and aggregated physical parameters and characteristics by 

statistical analysis. 

The thermal resistance and capacity (RC)-network model is a commonly used grey-box model to simulate 

building energy system and is applied to simulated radiant heating and cooling systems. Li et al. [2] developed a 

simplified RC-network model for the pipe-embedded concrete radiant floors. Validation has also been conducted 

to demonstrate the accuracy and effectiveness of this developed simplified RC-network model in predicting the 

dynamic thermal performance of this multi-layer pipe-embedded concrete radiant floor. Lu et al. [3] proposed a 

comprehensive RC-network model in the frequency domain for lightweight radiant floor heating (RFH) coupled 

with envelopes under intermittent operation. Zhang et al. [4] developed a dynamic simplified RC-network model 

of radiant ceiling cooling integrated with underfloor ventilation (RCCUV) system. Thermal resistances, thermal 

capacities and convective heat transfer coefficients of RC-network model were identified by using least square 

method (LSM). 

In Section 5.2, a dynamic thermal resistance and capacity (RC)-network model for the open-type radiant ceiling 

panel system (RCP) was developed considering the thermal capacity and heat transfer process. This section presents 

the development and validation of this system applied in an enclosed space based on the field measurement 

introduced in Section 3.3. A transient white-box simulation model was created in TRNSYS software to supplement 

the unmeasured data such as wall surface temperature, panel surface temperature, solar air temperature, transmitted 

radiation heat gains and heat flux from ventilation and infiltration. The Least-Square Method (LSM) is employed 

to identify the thermal resistance and thermal capacity of RC-network model. In Section 5.3, the system operation 

was optimized based on the developed simplified RC-network model through multi-objective optimization. In 

Section 5.4, the life cycle cost (LCC) was calculated. Three different insulation designs and panel coverage area 

was compared based on the system efficiency and investment cost. 
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5.2 Development of a RC model for the open-type RCP 

system 

5.2.1 Building thermal model 

In the open-type radiant ceiling panel (RCP) system, the panel is suspended freely below the ceiling, permitting 

the air to pass over the panel. The space heating and cooling are produced by the heat exchange between water and 

panel, and then radiation and convection between the ambient environment and both up and bottom panel surface. 

In this study, a thermal resistance and heat capacity (RC)-network model for a single room applying open-type 

radiant ceiling panel was development, its equivalent electrical circuit is shown in Fig. 5-1. The effect of the furniture 

in the room is neglected. 

 

 

Fig. 5-1 Sketch of the model for a room applying open-type radiant ceiling panel 

 

The external wall, internal wall, roof and floor are represented by 3R-2C network. The thermal equilibrium 

equations at the exterior and interior nodes of these walls can be written in the same expression. Eq. (5-1) and Eq. 

(5-2) present the energy balance on the surfaces of the external wall. Teo and Tei are the exterior and interior surface 

temperature of external wall, respectively. The capacitance at each node is equal to half of the thermal mass of the 
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wall Ceo and Cei, while the conductive resistance is lumped into Rew. Reo and Rei are the convective resistances 

between the wall and the air outside and inside. Rrad,e is the radiant resistances between the wall and the panel. Qrad,e 

is the radiant heat flux on the interior surface of the external wall, including the short-wave solar radiation 

transmitted through windows and internal radiant gains from equipment and occupant. 

𝐶𝑒𝑜

𝑑𝑇𝑒𝑜(𝑡)

𝑑𝑡
=

𝑇𝑠𝑜𝑙,𝑒(𝑡) − 𝑇𝑒𝑜(𝑡)

𝑅𝑒𝑜
+

𝑇𝑒𝑤(𝑡) − 𝑇𝑒𝑜(𝑡)

𝑅𝑒𝑤

(5 − 1) 

𝐶𝑒𝑖

𝑑𝑇𝑒𝑖(𝑡)

𝑑𝑡
=

𝑇𝑒𝑜(𝑡) − 𝑇𝑒𝑖(𝑡)

𝑅𝑒𝑤
+

𝑇𝑧(𝑡) − 𝑇𝑒𝑖(𝑡)

𝑅𝑒𝑖
+

𝑇𝑝(𝑡) − 𝑇𝑒𝑖(𝑡)

𝑅𝑟𝑎𝑑,𝑒
+ 𝑄𝑟𝑎𝑑,𝑒 (5 − 2) 

Solar radiation on the exterior surface of the building walls and roof will increase the surface temperature and 

affect the radiant heat transfer rate from the panels. Therefore, the solar air temperature (Tsol) is used as the boundary 

condition for the external wall and roof instead of the outdoor air temperature, calculated by Eq. (5-3). 

𝑇𝑠𝑜𝑙,𝑒 = 𝑇𝑎 +
𝛼𝑒𝐼𝑒
ℎ𝑜,𝑒

(5 − 3) 

Where Ta is the outside temperature, α is solar radiation absorptivity, I is the incident solar radiation, h is the heat 

transfer coefficient for wind.  

The variation of heat flux within the indoor air is equal to the sum of the convective heat flux from each interior 

surface and the panel, the conductive heat transfer from the window, the internal heat gains from equipment, 

occupants, and lights (Qload), and the heat flux caused by ventilation and infiltration (Qvent). Hence, the energy 

balance for the zone of indoor space is written as Eq. (5-4). 

𝐶𝑧

𝑑𝑇𝑧(𝑡)

𝑑𝑡
=

𝑇𝑒𝑖(𝑡) − 𝑇𝑧(𝑡)

𝑅𝑒𝑖
+

𝑇𝑖𝑖(𝑡) − 𝑇𝑧(𝑡)

𝑅𝑖𝑖
+

𝑇𝑓𝑖(𝑡) − 𝑇𝑧(𝑡)

𝑅𝑓𝑖
+

𝑇𝑝(𝑡) − 𝑇𝑧(𝑡)

𝑅𝑐𝑜𝑛,𝑏𝑜𝑡𝑡𝑜𝑚
+

𝑇𝑎(𝑡) − 𝑇𝑧(𝑡)

𝑅𝑤𝑖𝑛

+𝑄𝑣𝑒𝑛 + 𝑄𝑙𝑜𝑎𝑑 (5 − 4)

 

On the other hand, the open-type radiant panel system is characterized by the presence of an open space above 

the panel. Therefore, the heat flux variation for this zone should be included as expressed in Eq. (5-5), which is 

affected by the convection from the ceiling and the panel.  

𝐶𝑧𝑟

𝑑𝑇𝑧𝑟(𝑡)

𝑑𝑡
=

𝑇𝑟𝑖(𝑡) − 𝑇𝑧𝑟(𝑡)

𝑅𝑟𝑖
+

𝑇𝑝(𝑡) − 𝑇𝑧𝑟(𝑡)

𝑅𝑐𝑜𝑛,𝑢𝑝

(5 − 5) 

Finally, as depicted in Eq.(5-6), the heat flux variation of the panel encompassed the conductive heat flux between 

the supplied water and the panel, the radiant heat flux between the interior wall and the panel surface, the convective 

heat flux between the panel surface and the surrounding air, and the radiant heat flux on the panel caused by 

transmitted solar radiation and internal radiant gains. 

𝐶𝑝

𝑑𝑇𝑝(𝑡)

𝑑𝑡
=

𝑇𝑧(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛,𝑏𝑜𝑡𝑡𝑜𝑚
+

𝑇𝑧𝑟(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑐𝑜𝑛,𝑢𝑝
+

𝑇𝑤𝑠(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑝𝑖
+

𝑇𝑟𝑖(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑟𝑎𝑑,𝑟

+
𝑇𝑓𝑖(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑟𝑎𝑑,𝑓
+

𝑇𝑖𝑖(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑟𝑎𝑑,𝑖
+

𝑇𝑒𝑖(𝑡) − 𝑇𝑝(𝑡)

𝑅𝑟𝑎𝑑,𝑒
+ 𝑄𝑟𝑎𝑑,𝑟 (5 − 6)
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5.2.2 The open-type RCP system  

 

Fig. 5-2 Schematic of the mathematic model of the radiant ceiling panel 

 

In the building thermal model, the thermal resistance between the water and the panel (Rpipe), the convective 

resistance (Rcon), and the radiant resistance (Rrad) of the panel are the specific manufacturing parameters that vary 

according to the panel structure, panel material, panel shape and operation condition. It is important to carefully 

define these values as they determine the heat transfer rate of the panel. The values can be obtained from the 

standards, testing results or analysis by mathematical models. In this study, a numerical calculation method was 

employed to determine the thermal resistance of the novel proposed open-type radiant ceiling panel system, where 

the water pipe is directly in contact with the panel and the panel fins are flexible to be converted to any other shape, 

as shown in Fig. 5-2.  

Each radiant panel is considered to have three components: the water pipe, the panel fin and the panel contact. 

The contact serves as the connection point between the water pipe and the fin to increase the heat transfer efficiency 

and is integrated with the fin. The temperature differences between these three components are negligible because 

they are much smaller than the temperature differences with the surrounding air. Therefore, their temperatures are 

considered equivalent and lumped into the panel surface temperature (Tp). The heat transfer between water and 

panel is divided into two parts, as shown in Eq. (5-7), which are the heat transfer between the water and the pipe, 

and the heat transfer between the water and the fin. 

𝑄𝑝 = (𝐾𝑝1𝐴𝑚1 + 𝐾𝑝2𝐴𝑚2)(𝑇𝑖𝑛 − 𝑇𝑝) (5 − 7) 

Where Kp (W/(m2·K)) is the heat transfer coefficient and Am (m2) is the total heat transfer area 

For the heat transfer between water and pipe: 

𝐾𝑝1 =
1

1
ℎ𝑤

+
𝑟1 − 𝑟2
𝜆𝑝𝑖𝑝𝑒

(5 − 8)
 

𝐴𝑚1 =
(𝑙𝑝2 − 𝑙𝑝1)𝐿

𝐼𝑛 (
𝑙𝑝2

𝑙𝑝1
)

(5 − 9)
 

For the heat transfer between water and fin: 
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𝐾𝑝2 =
1

1
ℎ𝑤

+
𝑟2 − 𝑟1
𝜆𝑝𝑖𝑝𝑒

+
𝑟3 − 𝑟2
𝜆𝑝𝑎𝑛𝑒𝑙

+ 𝑅
(5 − 10)

 

𝐴𝑚2 =
(2𝑙𝑝4 + 𝑙𝑝5 − 𝑙𝑝3)𝐿

𝐼𝑛 (
2𝑙𝑝4 + 𝑙𝑝5

𝑙𝑝3
)

(5 − 11)
 

hw is the heat transfer coefficient for water flow (W/(m2·K)), λ is the thermal conductivity coefficient (W/(m·K)), R 

is the thermal resistance between pipe and fin ((m2·K)/W). 

In the open-type RCP system, the inlet water temperature is always controlled as an input variable which effect 

the heat transfer of the system and indoor thermal condition. Nevertheless, the specific operation status of the water 

system is required to further evaluating the energy efficiency of the whole system and to calculate the power of 

circulating pump. The outlet water temperature should also be constrained within the range to operate the energy 

system at high efficiency.  

The heat transfer from the panel to the water is equal to the heat exchange between the panel and the ambient 

environment according to the thermal equilibrium. Hence, the outlet water temperature (Twb) can be calculated by 

solving simultaneous equations, Eq. (5-7) and Eq. (5-12) through Newton’s method. 

𝑄𝑝 = 𝐾𝐿
𝑇𝑤𝑠 − 𝑇𝑤𝑏

𝐼𝑛 (
𝑇𝑤𝑠 − 𝑇𝑜𝑝

𝑇𝑤𝑏 − 𝑇𝑜𝑝
)

(5 − 12)
 

Top is the operative temperature (°C), which is defined as an average of indoor air temperature and mean radiant 

temperature (MRT) [5], expressed as Eq. (5-13). The MRT is simply considered as a homogenous steady-state area-

weighted average of the unconditioned surface temperature.  

𝑇𝑜𝑝 =
𝑇𝑧 + 𝑀𝑅𝑇

2
(5 − 13) 

𝑀𝑅𝑇 =
∑𝐴𝑗 × 𝑇𝑖−𝑗

∑𝐴𝑗

(5 − 14) 

Aj is the surface area of each wall j and Ti-j is the interior surface temperature of each wall. 

The total heat transfer coefficient of the panel K (W/(m·K)) is obtained by the following equations according to 

the mathematic model of radiant ceiling panel. 

𝐾 =
1

1
𝐾𝑝

+
1

ℎ𝑟𝑎𝑑,𝑢𝑝 + ℎ𝑟𝑎𝑑,𝑏𝑜𝑡𝑡𝑜𝑚 + ℎ𝑐𝑜𝑛,𝑢𝑝 + ℎ𝑐𝑜𝑛,𝑏𝑜𝑡𝑡𝑜𝑚

(5 − 15)
 

𝐾𝑝 =
𝐾𝑝1(𝑙𝑝2 − 𝑙𝑝1)

𝐼𝑛 (
𝑙𝑝2

𝑙𝑝1
)

+
𝐾𝑝2(2𝑙𝑝4 + 𝑙𝑝5 − 𝑙𝑝3)

𝐼𝑛 (
2𝑙𝑝4 + 𝑙𝑝5

𝑙𝑝3
)

(5 − 16)
 

Finally, the water flow rate (G) is calculated by Eq. (5-17) based on the temperature difference between inlet and 

outlet water temperature.  

𝐺 =
𝑄𝑝

𝐶𝑝𝜌(𝑇𝑤𝑏 − 𝑇𝑤𝑠)
(5 − 17) 
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5.2.3 Parameter identification 

A continuous-time linear state-space model as expressed by Eq. (5-18) and Eq. (5-19), is adopted to represent the 

RC-network model. The differential equations introduced in Section 2.1 are integrated into a multi-input multi-

output (MIMO) system through the state space representation. The output variables are obtained by solving a single 

first-order matrix differential equation. The state-space model program was developed using MATLAB R2022a.  

𝑑𝑥(𝑡)

𝑑𝑡
= 𝐴𝑥(𝑡) + 𝐵𝑢(𝑡) (5 − 18) 

𝑦 = 𝐶𝑥(𝑡) + 𝐷𝑢(𝑡) (5 − 19) 

Where  

x(t) is the state vector - 𝑥 = [𝑇𝑒𝑜 𝑇𝑒𝑖  𝑇𝑖𝑖  𝑇𝑖𝑜 𝑇𝑟𝑜 𝑇𝑟𝑖  𝑇𝑓𝑖  𝑇𝑓𝑜 𝑇𝑧 𝑇𝑧𝑟 𝑇𝑝]
𝑇 

u(t) is the input vector - 𝑢 = [𝑇𝑠𝑜𝑙  𝑇𝑏𝑛𝑑  𝑇𝑤𝑠 𝑇𝑎 𝑇𝑔 𝑄𝑟𝑎𝑑 𝑄𝑣𝑒𝑛 𝑄𝑙𝑜𝑎𝑑]𝑇 

y is the output vector, which is same as the state vector in this study. A, B, C, D are the system matrix, input matrix, 

output matrix, and feed-forward matrix, respectively, which describe how the input and other variables influence 

the evolution of the state variables within the model. The matrices are represented as follows.  

 

𝐴 =

[
 
 
 
 −

1

𝐶𝑒𝑜
(

1

𝑅𝑒𝑜
+

1

𝑅𝑒𝑤
)

1

𝐶𝑒𝑜𝑅𝑒𝑤
0 ⋯

1

𝐶𝑒𝑖𝑅𝑒𝑤
−

1

𝐶𝑒𝑖
(

1

𝑅𝑒𝑤
+

1

𝑅𝑒𝑖
+

1

𝑅𝑟𝑎𝑑,𝑒
) 0 ⋯

⋮ ⋮ ⋮ ⋱]
 
 
 
 

 

𝐵 = [

1

𝐶𝑒𝑜𝑅𝑒𝑜
0 0 ⋯

0 0 0 ⋯
⋮ ⋮ ⋮ ⋱

] 

𝐶 = [
1 0 0 ⋯
0 1 0 ⋯
⋮ ⋮ ⋮ ⋱

]             𝐷 = [
0 0 0 ⋯
0 0 0 ⋯
⋮ ⋮ ⋮ ⋱

] 

 

In this study, the model was validated using field measurements in an office with an open-type RCP system 

located in Sapporo, Hokkaido, Japan [6]. Fig. 5-3 illustrates the process of model development and validation. The 

indoor thermal environment in the office was measured and the operation of RCP system were control and recorded 

by the Building Management Energy System (BEMS). The information about the outdoor conditions is sourced 

from Automated Meteorological Data Acquisition System (AMeDAS), which is supported by the Japan 

Meteorological Agency [7]. To supplement the data not measured by the BEMS, a transient white-box simulation 

model was created in TRNSYS software to fill the missing measurements such as wall surface temperature, panel 

surface temperature, solar air temperature, transmitted radiation heat gains and heat flux from ventilation and 

infiltration. The Least-Square Method (LSM) is employed to identify the thermal resistance and thermal capacity 

of RC-network model with the data obtained from the TRNSYS simulation model. 70% of data was used for 

training while the remaining 30% of data was used for testing. Finally, the outlet water temperature and water flow 

rate of the RCP were calculated based on the results of the indoor thermal simulation. 
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Fig. 5-3 Schematic diagram of the model development and validation 

 

Moreover, the Root Mean Square Error (RMSE) is employed to quantify the difference between the model and 

the observed data, as expressed as Eq. (5-20). 

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑁

𝑖=1

𝑁
(5 − 20) 

Where N is the number of data point. y is the measurement and ŷ is the corresponding simulation. 

The field measurements were carried out in an office (457.39 m2) of the second floor of a newly constructed 

office building, situated in Sapporo, Hokkaido, Japan. Sapporo, located in the north of Japan, experiences a humid 

continental climate (Dfa) characterized by cold snowy winters and mild pleasant summers. The study period was 

from January 22 to March 14 during winter and from July 8 to August 6 during summer in 2021. The detailed 

description of this office and measurement set-up were provided in the previous study [6]. The office has three 

external walls (north, west and south), with the remaining walls serving as internal partitions connecting it to the 

rest of the space in the office building. The windows on three external walls use Low-E pair glass, each with a 

different shape, as shown in Fig. 5-4. Both the external walls and roof are well-insulated to mitigate the impact of 

cold temperatures from outside in winter. The floor of this office serves as the ceiling for the first floor, where the 

air is conditioned by a separate system. The materials of the envelops are listed in Table 5-1. 
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Fig. 5-4 The schematic diagram and photos of the office and the radiant ceiling panel 

 

Table 5-1 Building envelope structure and materials 

Element Structure layer Thickness 

(mm) 

Thermal conductivity 

(W/(m·K)) 

Specific heat capacity 

(kJ/(kg·K)) 

Density 

(kg/m3) 

External wall Concrete 0.17 3.20 0.88 2400 

Polystyrene 

foam (PF) 

0.11 0.028 1.10 1050 

Internal wall Concrete 0.17 3.20 0.88 2400 

PF 0.05 0.028 1.10 1050 

Floor Rockwool 0.006 0.17 1.03 22 

 Air gap resistance: 0.04167 h·m2·K/kJ 

Concrete 0.07 3.20 0.88 2400 

Roof Concrete 0.17 3.20 0.88 2400 

PF 0.10 0.028 1.10 1050 

Concrete 0.08 3.20 0.88 2400 

Window Low-E pair glass U-value 1.4 W/(m2·K) 
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In this office, the radiant ceiling panels are freely suspended under the ceiling at the height of 2.7 m. The RCP are 

featured with a curved and segmented structure. The piping is constructed using aluminum triple-layer pipes coated 

with polyethylene on the inner and outer surfaces. The contact and fin are made of aluminum. The values of the 

panel specifications shown in Fig. 5-2 are summarized in Table 5-1. The convective and radiant heat transfer 

coefficients of the RCP have been investigated through experiments under various conditions in a chamber test [8], 

as given by Eq. (5-21) and Eq. (5-22). 

ℎ𝑟 = 5.0024 (5 − 21) 

ℎ𝑐 = 2.6684|𝑇𝑎 − 𝑇𝑝|
0.1253

(5 − 22) 

The displacement ventilation system is incorporated to handle the sensible heat and bring the fresh air. Physical 

measurements in the office were recorded in the BEMS every minute, including indoor air temperature, panel 

surface temperature, and the temperature and humidity of the supplied air from the ventilation system. 

 

Table 5-2 Specifications of the open-type radiant ceiling panel in this study 

Parameter Value Parameter Value Parameter Value 

r1 6 mm r2 8 mm r3 10 mm 

lp1 14 mm lp2 18 mm lp3 24 mm 

lp4 13 mm lp5 12 mm L 8.9 m 

λpipe 0.47 

W/(m·K) 

λpanel 210 W/(m·K) R 0.01 (m2·K)/W 

 

In winter, the groundwater heat pump system provides warm water to the radiant heating system, and a water 

tank is used to store the hot water to ensure the efficient operation of the system. While, in summer, the RCP system 

directly exchanges heat with groundwater through a heat exchanger by free cooling method. The inlet and outlet 

water temperature and the water flow rate of the water system were also recorded. 

 

 

                  (a) summer                                    (b) winter             

Fig. 5-5 The schematic diagram of the heating and cooling system 
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Although the experiments have provided relevant real-time measurement data for the indoor thermal 

environment in the office, additional data is still required to supplement the parameter identification. Therefore, a 

transient simulation model of the office was created in TRNSYS 18 to simulate the dynamic thermal process in the 

office, as shown in Fig. 5-6. Type 56 component is linked to a graphical interface tool (TRNBuild) for creating the 

geometry and defining the thermal zones in building energy simulation. Within this component, the building 

envelopes are determined using the values provided in Fig. 5-4 and Table 5-1. An active layer, termed ‘chilled 

ceiling’ was added with an air gap between the ‘chilled ceiling’ and ceiling to simulate the open-type RCP system. 

This layer acts with user-defined specific panel heat flux and heat transfer coefficient, and the inlet water temperature 

and mass flow rate were entered using real-time measurement records. The ventilation system supplies air at a rate 

of 0.5 ACH, and the temperature and humidity of the supplied air are based on experimental data. Filtration occurs 

through the leakage of windows and doors is assumed to be 0.2 ACH. The internal heat gains are defined following 

the standard [9] as summarized in Table 5-3, which includes occupant, lighting and equipment. Type 14h and Type 

41b is used to distinguish holidays and establish the hourly schedule for heat gain activities. Type 9e is a data reader 

used to read the climate data and the recorded operation status of the RCP and ventilation system. Type 15-6 is a 

weather data reader used to complement the lacking climate information such as ground reflectance and effective 

sky temperature, which are generated by Meteonorm. Also, Type 16c is used to estimate the incident radiation on 

each envelope, which is an essential factor influencing the heating and cooling performance of the RCP system, 

dependent on the orientation, sun position, and climate conditions. At last, Type 65c serves as the output module to 

display the selected output variables and save then into defined external files. 

 

 

 

Fig. 5-6 TRNSYS transient simulation model 
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Table 5-3 Indoor heat gains in TRNSYS model  

Internal heat gain Setting Schedule 

Occupant 72 W (×25 person) 8:00-21:00 on weekday 

Illumination 6.6 W/m2 8:00-21:00 on weekday 

Equipment 10.88 W/m2 8:00-21:00 on weekday 

 

5.2.4 Model validation result 

Firstly, the comparison of the indoor air temperature between the experimental measurements and TRNSYS 

simulated results is examined as shown in Fig. 5-7, the RMSE of indoor air temperature is 0.33 in summer and 0.44 

in winter. The results indicate that the TRNSYS simulation model accurately simulates transient indoor conditions 

in the office, and the output data were reliable to apply for parameter identification. The parameter identification 

was generated to determine the parameters of thermal resistance (R) and thermal capacity (C) by minimizing the 

difference between the predicted and observed values using trust-region-reflective (TRR) algorithm. 

min
𝑥

‖𝐹(𝑥, 𝑥𝑑𝑎𝑡𝑎) − 𝑦𝑑𝑎𝑡𝑎‖2
2 = min

𝑥
∑(𝐹(𝑥, 𝑥𝑑𝑎𝑡𝑎𝑖) − 𝑦𝑑𝑎𝑡𝑎𝑖)

2

𝑖

(5 − 23) 

Where xdata refers to the input vector and ydata are output matrix.  

In summer, the root mean square error of indoor air temperature is 0.43 for training results and 0.29 for testing 

results, while in winter, it is 0.60 for training results and 0.70 for testing results. The RC model is able to reproduce 

the observed trend at room temperature. The RC model can predict the dynamic characteristics of the open-type 

RCP system. However, the variation of indoor air temperature from the model is more gradual than the 

measurements, as it ignores some influential factors to simplify the model. When compared with the TRNSYS 

simulation model, the RC-network model is more sensitive to the inlet water temperature because it closely tracks 

the water temperature trend. On the other hand, the RMSE of other output states, such as wall, floor, roof, and panel 

surface temperature, are shown in Table 5-4 and Table 5-5. The values in summer are all less than 0.5. In contrast, 

the values become larger in winter due to larger temperature differences between day and night, but still within an 

acceptable range.  

 

 

(a) Summer 
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(b) Winter 

Fig. 5-7 Comparison of indoor air temperature between the experimental and simulated results  

 

Table 5-4 Root mean square error of output states of parameter identification in summer 

RMSE Tei_N Tei_W Tei_S Tii Taji Tfi Tri Tz Tzr Tp 

Training 0.385 0.395 0.389 0.359 0.386 0.342 0.678 0.431 0.464 0.468 

Testing 0.219 0.236 0.227 0.242 0.262 0.256 0.455 0.286 0.259 0.370 

 

Table 5-5 Root mean square error of output states of parameter identification in winter 

RMSE Tei_N Tei_W Tei_S Tii Taji Tfi Tri Tz Tzr Tp 

Training 0.284 0.279 0.267 0.243 0.233 0.469 0.608 0.596 0.607 0.612 

Testing 0.820 0.868 0.849 0.650 0.629 0.700 0.705 0.693 0.753 0.706 

 

The outlet water temperature and flow rate were then calculated following the equations in Section 2.3 using the 

results of each surface temperature. The heat transferred by the water system is balanced with the heat exchanged 

from the radiant panel to the air and other surfaces in the room. The RMSE values of outlet water temperature is 

0.27 in summer and 0.50 in winter. The average error of flow rate in summer is 7.7 L/min, which is around 10%. 

The results indicate that the calculation of water system has a good agreement with the experimental measurements. 

In other words, the model can also accurately predict the amount of heat in the panels for heat exchange. The 

developed RC-network model is reliable and parameter identification by LSM is effective to the open-type RCP 

system. 
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(a) Summer 

 

(b) Winter 

Fig. 5-8 Comparison of the simulated results of water system between the experimental and simulated results 
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5.3 Optimization based on the RC-network model 

5.3.1 Optimization methods 

The optimization is performed in this office to achieve required room temperature while minimize the energy 

consumption based on the developed RC-network model. The inlet water temperature is constrained between 18 

ºC and 32 ºC to prevent the risk of condensation and maintain the heat pump operating at high efficiency. The indoor 

air temperature is allowed to fluctuate within 0.5 ºC during system operation. The fmincon function in MATLAB 

was used to solve this nonlinear constrained multi-objective optimization. Fig.5-9 shows the flowchart of the 

optimization.  

 

 

Fig. 5-9 Flow chart of the optimization  

 

The objective function was determined based on three objectives, which are (i) maintaining the indoor air 

temperature at the set point, (ii) minimizing the inlet water temperature variation, and (iii) minimizing electric 

energy consumption as expressed in Eq. (5-24). The second term in the equation is to keep the inlet water 

temperature constant considering the characteristic of the control of this system. In this study, the control variable 

for the RCP system is the inlet water temperature, which is regulated by adjusting the valve opening area when 

using free cooling strategy in summer. Reducing the variation in the inlet water temperature aims to decrease the 

energy consumption caused by valve adjustments. 

 

𝐽 = 𝑚(𝑇𝑜𝑝 − 𝑇𝑠𝑒𝑡)
2
+ 𝑛(𝑇𝑤𝑠 − 𝑇𝑤𝑠,𝑖−1)

2
+ 𝑘𝐸 (5 − 24) 

 

m, n and k are the weight coefficient, which are adjusted as 0.315, 0.06 and 0.625 in this study. Top is the operative 

temperature calculated by Eq. (5-25). Tset is the set point temperature, which is 22 ºC in winter and 24 ºC in summer 

in this study. Tws is the inlet water temperature and Tws,i-1 represents the inlet water temperature in the previous 

step/hour. E is the electric consumption which is calculated in winter and summer separately as follows. 
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In summer, the supplied chilled water directly exchanges heat with groundwater through the heat exchanger. 

Thus, the energy consumption in summer is determined by the consumption of the circulating pump, which is 

calculated through circulating flow rate G, pump efficiency η and water head H. 

 

𝐸𝑠𝑢𝑚𝑚𝑒𝑟 =
𝐺

𝜂
𝜌𝑔𝐻 (5 − 25) 

The pump type is 32LPD5.4E, produced by EBARA Corporation. The efficiency η is estimated according to the 

performance curve of the pump. 

 

𝜂 = 9 × 10−6𝐹3 − 0.006𝐹2 + 1.0637𝐹 + 2.8191 (5 − 26) 

In winter, the water is supplied by the heat pump, so that energy consumption is calculated from the coefficient 

of performance (COP) of the heat pump.  

 

𝐸𝑤𝑖𝑛𝑡𝑒𝑟 =
𝑄𝐻

𝐶𝑂𝑃
(5 − 27) 

QH is the supplied heat (W). The type of heat pump used in the office building in this study is MCRV-P450E, 

produced by Mitsubishi Electric Corporation. The COP [10] can be estimated by using a regression equation 

approximated based on the measurements, as shown in Eq. (5-28): 

 

𝐶𝑂𝑃 = 10.5775 − 0.258𝑄𝐻 + 0.0063𝑄𝐻
2 − 4.25232 × 10−5𝑄𝐻

3 − 0.1890𝑇1𝑖𝑛 − 0.0678𝑇2𝑜𝑢𝑡(5 − 28) 

Where T1in is the inlet water temperature of the evaporator. T2out is the outlet water temperature of the condensation. 

 

5.3.2 Optimization results 

Fig. 5-10 illustrates the optimization results of the indoor air temperature and electric consumption during the 

winter from January 22 to March 14. After optimization, the indoor air temperature can be maintained at 22 °C 

without overheating and overcooling. The total electric consumption decreases by 12.3% from 900.6 kWh to 789.6 

kWh and the average COP increases 4.5% from 5.59 to 5.84.  

 

 

(a) Indoor air temperature 
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(b) Energy consumption 

Fig. 5-10 Optimization results of the system operation during winter 

Fig. 5-11 show the optimization results of indoor air temperature and inlet water temperature on January 24. 

Before optimization, the temperature is lower than the desired indoor temperature before 11 a.m. due to the time 

delay of the RCP system. This delay has been eliminated by increasing the supplied water temperature in the 

morning. In addition, the supplied water temperature in the afternoon has been adjusted when the solar radiation is 

strong or the outside temperature rises, which eliminates the overheating.  

 

 

(a) Indoor air temperature 

 

(b) Inlet water temperature 

Fig. 5-11 Optimization results of the system operation on January 24 
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5.4 Life cycle cost (LCC) calculation  

5.4.1 Calculation method  

The life cycle cost (LCC) was utilized to evaluate the investment cost and the economic benefit of the 

optimization of the system operation. In addition, the trade-off between thick thermal insulation and large panel area 

are discussed based on the calculation and comparison of the LCC. 

 

𝐿𝐶𝐶 = 𝐼𝐶 + 𝑎(𝑟𝑒,𝑁)𝐸𝐶 (5 − 1) 

𝐸𝐶 = (
𝑄𝐻

𝐶𝑂𝑃
+

𝑄𝑐

𝜂
) × 𝑃𝑒𝑙𝑒 (5 − 2) 

𝑎(𝑟𝑒,𝑁) =
1 − (1 + 𝑟𝑒)

−𝑁

𝑟𝑒
(5 − 3) 

Where IC is the investment cost calculated. EC is the annual energy cost to maintain comfortable indoor thermal 

condition. a(re,N) is the discount factor calculated by Eq.(5-3). QH and QC are annual heating and cooling need 

(kWh). Pele is the price of the electrical energy, which is assumed as 25 JPY/kWh. re is the real interest rate, which 

is set 3% in Japan [11]. N is the total of the years for study. 

 

5.4.2 Discussion on building envelope thermal insulation strategies 

In Section 3.3, the feedback time of the open-type RCP system was calculated, and the influence of the building 

envelope was suggested to be considered. In this section, three different envelope designs are discussed according 

to the Japanese law: Case 1-original case, Case 2- general insulation design in standard, and Case 3- light insulation 

design for warm area in standard. The results of investment cost of each case are summarized in Table 5-6. 

 

Table 5-6 The investment cost of the office and the open-type RCP system 

Structure 

layer 

Area 

(m2) 

Case 1 Case 2 Case 3 

Unit Price 

(JPY/m2) 

Total cost 

(JYP) 

Unit Price 

(JPY/m2) 

Total cost 

(JYP) 

Unit Price 

(JPY/m2) 

Total cost 

(JYP) 

Interior wall 

Concrete 
137.174 

5,700 781,892 5,700 781,892 5,700 781,892 

PF 2,180 299,039 2,180 299,039 2,180 299,039 

Floor 

Rockwool 

410.819 

3,370 1,384,460 3,370 1,384,460 3,370 1,384,460 

(Airgap) - - - - - - 

Concrete 3,400 1,396,785 3,400 1,396,785 3,400 1,396,785 

Roof 

Concrete 

410.819 

5,700 2,341,668 5,500 2,259,505 5,500 2,259,505 

PF 4,360 1,791,171 3,270 1,343,378 2,180 895,585 

Concrete 4,000 1,643,276 3,400 1,396,785 3,400 1,396,785 
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Exterior wall 

Concrete 
223.177 

5,700 1,272,109 5,500 1,227,474 5,500 1,227,474 

PF 4,360 973,052 2,180 486,526 1,090 243,263 

Total investment of 

office envelope 
11,883,452 10,575,842 9,884,787 

RCP system 11,000,000 [6] 

 

Table 5-7 summarized the system optimization and annual cost of three different envelope design. The heating 

(QH) and cooling capacity (QC) are calculated by TRNSYS. The results reveal that the COP increases in all the cases 

after optimization, but the reduction in electrical consumption decrease as the thickness of insulation is reduced. Fig. 

5-12 illustrates the life cycle cost of the open-type RCP system. It was observed that the investment cost for case 1 

and the energy cost for case 3 were the highest. Consequently, as shown in the figure, the life cycle cost of case 3 

increases more rapidly and is higher than that of case 2 after 10 years, and higher than that of case 1 after 20 years. 

 

Table 5-7 Annual cost of the operation of the open-type RCP system 

 Case 1 Case 2 Case 3 

Before OPT After OPT Before OPT After OPT Before OPT After OPT 

QH (kWh/year) 4177 8033 14355 

COP 5.59 5.84 4.84 5.03 4.12 4.25 

QC (kWh/year) 5215 3979 2858 

η 40 

Pele (JPY/kWh) 25 

EC (JPY) 21,940 21,140 43,980 42,413 88,890 86,225 

 

Fig. 5-12 The results of the life cycle cost of the open-type RCP system 
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5.5 Conclusions 

The system operation of the integrated novel RCP and GWHP system was optimized based on a simplified 

dynamic thermal resistance and thermal capacity (RC) model and multi-objective optimization.  

1. The RC model is able to reproduce the observed trend at room temperature and predict the dynamic 

characteristics of the open-type RCP system. 

2. After optimization, the indoor air temperature can remain within the required range. The issue of the temperature 

not reaching the target in the morning due to time delay has been resolved, and the overheating and overcooling 

have been eliminated. 

3. The COP increases and electrical consumption decreases in all the cases after optimization. However, the impact 

of optimization is diminished as the insulation is reduced. 

4. The investment of the general insulation case is higher than the light insulation case, but the life cycle cost is 

lower after 20 years of system operation. 
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Nomenclature 
x State factor 

y Output factor 

u Input or control factor 

A System matrix 

B Input matrix 

C Output matrix 

D Feed forward matrix 

Tio Internal wall outside surface temperature (℃) 

Tii Internal wall inside surface temperature (℃) 

Teo External wall outside surface temperature (℃) 

Tei External wall inside surface temperature (℃) 

Tro roof outside surface temperature (℃) 

Tri roof inside surface temperature (℃) 

Tfo Floor outside surface temperature (℃) 

Tfi Floor inside surface temperature (℃) 

Tsol Sol-air temperature (℃) 

Tbnd Boundary temperature (℃) 

Tws Supply water temperature (℃) 

Qrad Radiative gains, including total shortwave solar radiation transmitted through 

windows (W) 

Qconv Internal convective gains (W) 

Qloss Ventilation and infiltration heat loss (W) 

R Thermal resistance (m2·K/W) 

C Thermal capacity (J/K) 
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6.1 General conclusions of the thesis 

This thesis focuses on the design and control optimization of a novel open-type radiant ceiling panel (RCP) 

system in terms of both thermal comfort and energy saving. Although the RCP system is viewed as an energy-

efficient alternative to conventional HVAC systems, challenges such as high initial costs, surface condensation risks, 

long response times, and adverse effects from windows need improvement. This study addresses these challenges 

by investigating the thermal performance of the novel proposed RCP system and optimizing the panel shape, 

integrated wall-attached ventilation (WAV) and groundwater heat pump (GWHP) system, and overall system 

operation, leading to the following conclusions.  

 

⚫ Laboratory analysis of the novel RCP system with curved and segmented structure. 

The thermal performance of the novel RCP system was investigated in a laboratory test room under different 

inlet water temperatures and flow rates.  

1. The total heat flux changed significantly with variations in the inlet water temperature. However, changing the 

flow rate had a smaller impact on the cooling capacity. 

2. The radiant heat transfer coefficient was constant at 5 W/(m2·K), and the convective heat transfer coefficient 

exhibited an exponential relationship with the temperature difference between the indoor air and panel surface. 

3. The RCP in this study can achieve a uniform indoor air distribution, but it is still challenging to prevent effects 

resulting from the building envelope. Therefore, the RCP system needs to be optimized and combined with forced 

ventilation methods to achieve a more comfortable indoor environment. 

4. The curved panel enhanced both radiation and convection, relative to the flat panel. The convective heat transfer 

coefficient obtained with this panel was larger than those reported in the literature. 

5. The novel curved panel allows the use of a lower fluid flow rate to achieve a comfortable room environment, 

which reveals its potential for saving energy. 

 

⚫ Field measurement of the novel RCP system integrated with GWHP system in an office 

The thermal and energy performances of an office building equipped with an RCP and an open-loop GWHP 

system were assessed. Field studies were conducted to evaluate the thermal comfort of the office, and energy 

consumption was analyzed based on the records of each system component. 

1. Measuring the thermal conditions in the target office showed that the indoor air temperature was approximately 

24.5 °C in the summer and 23 °C in the winter. The indoor humidity was maintained at 55% in the summer and 

30% in the winter. The CO2 concentration was approximately 1000 ppm. No heterogeneous vertical temperature 

distribution was observed. However, it is expected to reduce the temperature discrepancy caused by the independent 

system control and large-scale space. 

2. More than 70% of the staff selected a neutral level in the TSV, and the discomfort rate was lower than 10%. 

However, it is recommended that the ventilation rate should be increased during hot days to eliminate hot and 

suffocating sensations. 

3. Compared with intermittent operation, continuous operation could improve both the system performance and 

indoor thermal comfort as the COP of the heat pump increased from 3.86 to 4.18, and the TSV was closer to zero. 
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However, the electric energy consumption under continuous operation still costs more than that under the 

intermittent operation mode. Therefore, the control method of this system needs to be further optimized. 

4. The primary energy consumption decreased by 69% during the first year and by 66% during the second year, 

thereby meeting the requirement of the ZEB-ready level in Japan. The energy consumption of HVAC systems 

accounted for 46%, making them the largest contributor to total energy consumption. Therefore, it has the potential 

to be further reduced by improving operation and control methods. 

5. The combined RCP and GWHP system showed a good performance on energy saving and thermal comfort, but 

the simple payback period is 13.2 years. It is recommended to optimize the system and operating condition in the 

pre-design stage. 

 

⚫ Optimization of the panel curvature shape and arrangement  

A parametric analysis of the novel open-type RCP system was conducted using CFD simulation to study the 

effect of panel structure on cooling capacity and heat transfer in comparison with conventional RCPs presented in 

the literature. Four independent and two dependent design parameters were investigated by comparing thirty-five 

panel designs and operating sensitivity analysis. 

1. The open-type RCP with curved shape and void in proposed this study achieves better cooling performance than 

the previous reference results. The nominal cooling capacity can be improved by 157.90% compared with the 

transitional panel design represented in the standard. 

2. The nominal cooling capacity and heat transfer coefficient increase with increasing panel curvature radius and 

decreasing curvature width. The nominal cooling capacity is highest when L = 0.03 m and r = 0.06 m, which is the 

optimal panel design among the designs proposed in this study. 

3. Compared with the large solid panel design, the short and distributed panel design with less panel surface area 

achieves better cooling performance because it can promote air movement around the panel and assist in sufficient 

heat exchange. 

4. The distances between adjacent panels and between the panel and the wall play the most significant role in 

improving the cooling performance of the panel, demonstrating the potential to simultaneously reduce costs and 

achieve better indoor thermal conditions by optimizing the distribution of RCPs. 

5. There should be a balance between improving cooling performance and ensuring the comfort of the indoor 

environment in practical operations, and total heat transfer should be accounted for based on the panel surface area 

and cooling capacity. 

 

⚫ Optimization of the integrated open-type RCP and WAV system 

The operating conditions of the integrated novel RCP and WAV system was optimized by using CFD simulation 

to improve the indoor thermal conditions and save more energy. 

1. As a result of the sensitivity study, the inlet air temperature is the most sensitive parameter affecting the integrated 

system’s cooling performance. 

2. When inlet air velocity and inlet air temperature increase, the convective and radiant heat transfer of the CRCP 

system increase, the convective heat transfer of the WAV system decrease. 

3. The optimized operating condition in Case 1-2 (v=0.164 m/s, Tin=25 °C, Ts=23 °C) allows the integrated system 
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to operate under higher inlet and panel surface temperature, which increased by 2.81 °C and 0.81 °C separately, and 

lower air velocity, which decreased by 0.11 m/s. Also, the PMV contours of this case shows this case can achieve 

acceptable thermal comfort. 

 

⚫ Optimization of the system operation of the integrated open-type RCP and GWHP system 

The system operation of the integrated novel RCP and GWHP system was optimized based on a simplified 

dynamic thermal resistance and thermal capacity (RC) model and multi-objective optimization.  

1. The RC model is able to reproduce the observed trend at room temperature and predict the dynamic characteristics 

of the open-type RCP system. 

2. After optimization, the indoor air temperature can remain within the required range. The issue of the temperature 

not reaching the target in the morning due to time delay has been resolved, and the overheating and overcooling 

have been eliminated. 

3. The COP increases and electrical consumption decreases in all the cases after optimization. However, the impact 

of optimization is diminished as the insulation is reduced. 

4. The investment of the general insulation case is higher than the light insulation case, but the life cycle cost is 

lower after 20 years of system operation. 

 

6.2 Future studies 

6.2.1 Unbalance temperature distribution 

The panel surface temperature has been discussed in many studies as it highly related to indoor thermal comfort. 

Xie et al. proposed an index of temperature non-uniformity coefficient (TNC) σt to evaluate temperature profiles of 

ceiling panel surface as Eq. (6-1) [1]. 

𝜎𝑡 =
√∑ (𝑡𝑖 − 𝑡̅)𝑁

𝑖=1
𝑁
𝑡̅

(6 − 1)
 

Where N is the temperature measurement position, ti is the temperature value at each measurement position, 𝑡̅ 

is the mean ceiling surface temperature. 

The TNC was influenced by the panel structure, as indicated by Xie et al. [2], which exhibited a negatively 

correlated with temperature of chilled inlet water (linear correlation), water velocity, and pipe diameter, but 

positively correlated with tube spacing. Su et al. [3] recommended a thickness of 4.0 mm-5.0 mm for the cooling 

panels to achieve a uniform surface temperature distribution.  

However, the non-uniform thermal load also significantly affects the surface temperature distribution which is 

less discussed. As shown in the measurement results in chapter 3, there was a discrepancy on panel surface 

temperature in office at 10:00 a.m. This temperature discrepancy exists in large-scale applications and is rare to be 

captured in small-scale laboratory tests. In future studies, more field measurements are required to assess the 

temperature balance when applying the RCP system in real-scale buildings. The topic of surface temperature 

distribution should be extended to the entire panel application area instead of just one panel. 
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6.2.2 Model predict control 

In chapter 5, the system was optimized using a multi-objective optimization method. It is recommended to 

implement the advanced model predict control (MPC) algorithm for this system. Burak Gunay et al. [4] have 

proposed methodology of MPC to control the variable-air-volume (VAV) terminal unit and the hydronic ceiling 

radiant panel heater of a west-facing office space. It is expected that further improvements in system operation can 

be achieved by considering extreme climate conditions and variations in thermal load through this the 

implementation of the MPC method. However, the usability of MPC for the RCP system is still unknown due to 

the lack of research in this area. 
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